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Abstract
Semiconductor nanowires are investigated as a building block for light-emitting
diodes (LEDs). Conventional gallium nitride (GaN) LEDs contain several crystal
films grown on single crystal substrates, and their performance is limited by strain-
induced piezoelectric fields and defects arising from lattice mismatch.
GaN nanowires can be obtained free of defects on foreign substrates. In nanowire
heterostructures, the strain arising from lattice mismatch can relax elastically at the
free surface. Crystal defects and piezoelectric fields can thus be reduced.
In this thesis, GaN nanowires are synthesized in the self-induced way by molecular
beam epitaxy. A proof-of-concept study for the growth of semiconductor nanowires
on metal shows that GaN nanowires grow epitaxially on titanium films. GaN of high
crystal quality is obtained without a single crystal substrate.
Quantitative models for the growth of axial (In,Ga)N/GaN nanowire heterostruc-
tures are developed. The successful fabrication of nanowire LED devices on silicon
wafers proves that these models provide control over the emission wavelength.
In the (In,Ga)N/GaN nanowire heterostructures, strain is non-uniform due to elastic
relaxation at the sidewalls. Additionally, the self-induced growth leads to statistical
fluctuations in the diameter and length of the GaN nanowires, and in the thickness
of the axial (In,Ga)N segments. The (In,Ga)N crystal composition and lattice strain
are analyzed by x-ray diffraction and resonant Raman spectroscopy. Due to the non-
uniformity in strain, detailed numerical simulations are required to interpret these
measurements.
A simple approximation for the average strain in the nanowire segments is derived
from the detailed numerical calculation. Strain engineering is possible by defining
the nanowire segment lengths. Simulations of resonant Raman spectra deliver the
experimental strain of (In,Ga)N segments in GaN nanowires, and give a proof of this
universal concept.
Key words: gallium nitride, GaN, nanowires, light-emitting diodes, molecular beam
epitaxy, x-ray diffraction, Raman spectroscopy
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Zusammenfassung
Halbleiter-Nanosäulen (auch -Nanodrähte) werden als Baustein für Leuchtdioden
(LEDs) untersucht. Herkömmliche LEDs aus Galliumnitrid (GaN) bestehen aus meh-
reren Kristallschichten auf einkristallinen Substraten. Ihr Leistungsvermögen wird
durch Gitterfehlpassung und dadurch hervorgerufene Verspannung, piezoelektrische
Felder und Kristallfehler beschränkt.
GaN-Nanosäulen können ohne Kristallfehler auf Fremdsubstraten gezüchtet wer-
den. Verspannung wird in Nanosäulen elastisch an der Oberfläche abgebaut, dadurch
werden Kristallfehler und piezoelektrische Felder reduziert.
In dieser Arbeit wurden GaN-Nanosäulen durch Molukularstrahlepitaxie katalysa-
torfrei gezüchtet. Eine Machbarkeitsstudie über das Kristallwachstum von Halbleiter-
Nanosäulen auf Metall zeigt, dass GaN-Nanosäulen in hoher Kristallqualität ohne
einkristallines Substrat epitaktisch auf Titanschichten gezüchtet werden können.
Für das Wachstum axialer (In,Ga)N/GaN Heterostrukturen in Nanosäulen wurden
quantitative Modelle entwickelt. Die erfolgreiche Herstellung von Nanosäulen-LEDs
auf Silizium-Wafern zeigt, dass dadurch eine Kontrolle der Emissionswellenlänge
erreicht wird.
Die Gitterverspannung der Heterostrukturen in Nanosäulen ist ungleichmäßig auf-
grund des Spannungsabbaus an den Seitenwänden. Das katalysatorfreie Zuchtver-
fahren führt zu weiteren statistischen Schwankungen der Nanosäulendurchmesser
und der Abschnittlängen. Die entstandene Zusammensetzung und Verspannung des
(In,Ga)N-Mischkristalls wird durch Röntgenbeugung und resonant angeregte Ra-
manspektroskopie ermittelt. Infolge der Ungleichmäßigkeiten erfordert die Auswer-
tung genaue Simulationsrechnungen.
Eine einfache Näherung der mittleren Verspannung einzelner Abschnitte kann aus
den genauen Rechnungen abgeleitet werden. Gezielte Verspannungseinstellung er-
folgt durch die Wahl der Abschnittlängen. Die Wirksamkeit dieses allgemeingültigen
Verfahrens wird durch die Bestimmung der Verspannung von (In,Ga)N-Abschnitten
in GaN-Nanosäulen gezeigt.
Schlagworte:Galliumnitrid, GaN, Nanosäulen, Nanodrähte, Leuchtdioden, Moleku-
larstrahlepitaxie, Röntgenbeugung, Raman-Spektroskopie
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MBE Molecular beam epitaxy
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1 Introduction
Semiconductors are the technological base of electronic switches, amplifiers, memory,
sensors, and much more. These devices are small, reliable, and cheap. Many everyday
applications are not thinkable now without semiconductors, just to name rectifiers and
computers. Energy-efficient light sources have become another field of application, and
semiconductors now bring the mass market of general lighting under revolution. Light-
emitting diodes (LEDs) can be designed to emit only light in the visible spectrum. There-
fore, the light generation principle is more efficient than in other light sources: it incurs
no conversion losses from ultra-violet light, as do gas discharge lamps, and no waste
heat is generated by broad infrared emission, in contrast to incandescent lamps. Red
and yellow-green LEDs of low intensity were produced in the 1960s, [1] but compared to
classical semiconductor applications, solid-state lighting has matured only recently.
In the development of semiconductors, there are two key factors to innovation. First,
the semiconducting material has to be produced in large volumes with high perfection.
To this end, silicon (Si) single crystals are well developed and form the base of the semi-
conductor devices that are produced in the largest mass today. LEDs and other optoelec-
tronic devices, as well as high-power and high-speed switches, however, require com-
pound semiconductor materials such as gallium arsenide (GaAs) and gallium nitride
(GaN). The key to white light generation based on electroluminescence was the success-
ful synthesis of gallium nitride (GaN) films of high crystal quality in the mid-1990s. [2,3]
The second source of innovation in semiconductor development is the ever-increasing
integration density, which largely defines the cost, and hence the usefulness, of a semi-
conductor device. At present, the lateral structure size in silicon-based integrated cir-
cuits approaches physical limits, and fundamentally new device geometries are being
explored. New solutions are expected from material and device physicists.
One way to achieve high-quality material and to depart from building devices on the
planar wafer surface is to use semiconductor crystals in the shape of nanowires. The
growth of filamentary crystals, with diameters in order of 10 nm to 100 nm and lengths
in the order of µm, was reported in the 1960s, [4] but nanowires were not envisaged as
building blocks for devices until the 1990s. [5] The high surface-to-volume ratio, the pos-
sibility of self-assembly, and the unique quantum-mechanical and electrostatic properties
of nanowires can be exploited in new device concepts. Nanowires have been proposed
for low-power electronics (tunnel FET), [6] biological and chemical sensors, [7] LEDs, [8]
and more.
GaN-based LEDs are made by growing thin films of GaN and (Al,Ga,In)N alloys onto
foreign substrates such as silicon carbide, sapphire, or silicon. These LEDs possess a
comparatively simple device structure, and their development and commercialization
has largely been tied to progress in material synthesis. GaN, which is difficult to obtain
free of crystal defects in planar films, can be grown in the shape of nanowires with excel-
lent crystal quality. [9] GaN nanowires can be obtained on a range of substrate materials,
including amorphous silicon oxide. [10] The promise of a high crystal quality is the first
motivation for LEDs based on nanowires. Thin film LEDs are made of different crystals
grown coherently onto each other. Lattice-mismatch of two crystals in a heterostruc-
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ture induces strain, and the crystal quality is often compromised by imperfections at
the interface. Another benefit of nanowires is expected from the elastic relaxation of
lattice-mismatch strain. While strain relaxation in heterostructures can in principle be ob-
tained in top-down nanostructuring, better results are obtained from the self-assembly of
nanowires without introducing dislocations. Defect-free heterointerfaces were reported
in bottom-up grown nanowires. [11]
It is particularly motivating to conduct scientific research when a technological benefit
from the scientific results is conceivable. In this sense, GaN nanowire-based devices are
a rewarding object of study, because the two key factors of technological innovation in
the field of semiconductors are addressed: material synthesis and nanostructuring. The
guideline of this thesis is the synthesis of InxGa1−xN/GaN nanowire heterostructures as a
building block for a nanowire LED device. This study has multiple interests: First, phys-
ical models are developed for this specific crystal growth. Second, the elastic and optical
properties of the heterostructures are analyzed, and methods are derived to control these
properties by designing the crystal growth process. The results of these two study ef-
forts on growth and properties of InxGa1−xN/GaN nanowires are universal, in the sense
that they are not application-specific. In addition to that, the simple device structure of
an LED allows to test the practical implications of nanowire heterostructure design: A
third aspect of this research is the feasibility of InxGa1−xN/GaN nanowire LEDs with a
controlled emission color.
As a starting point, a simple LED is described in Ch. 2, and the InxGa1−xN properties
are discussed which directly impact the luminescence. Advantages of the nanowire ge-
ometry for LEDs are explained, and the method of manufacturing a nanowire LED in the
laboratory is outlined. [12] In the following chapters of this thesis, the LED device will be
withdrawn fom the center of attention, in favor of the analysis and physical modelling of
the InxGa1−xN/GaN nanowire crystal growth and optical properties.
In principle, substrates accessible to GaN nanowire growth include metals, ceramics
and glass, which may allow savings in production cost even compared to silicon. The ex-
perimental growth technique, and the criteria for the choice of alternative substrates, are
introduced in Ch. 3. Experimental results will be reported from GaN nanowire growth
on titanium, which is shown in this thesis for the first time.
The self-induced nanowire ensembles under study here exhibit characteristic statistical
fluctuations. Complexity is added by the inherent non-uniformity of the elastic strain in
mismatched nanowire heterostructures, which is detailed in Ch. 4. Conventional semi-
conductor characterization techniques cannot be directly applied to the structure studied
here, and new methods of interpreting x-ray diffraction and Raman spectroscopy were
developed in the course of this work. Chapter 4 describes these methods, and credits
especially the contributions made by Vladimir M. Kaganer and Manfred Ramsteiner at
the Paul-Drude-Institut für Festkörperelektronik (PDI).
Control over the emission wavelength of an LED requires the predictable growth of
the In-containing active region. At the starting point of this thesis, very little was known
about the underlying growth mechanisms. Chapter 5 develops the main objective of
this thesis, the controlled growth of axial InxGa1−xN quantum wells in GaN nanowires.
Series of growth experiments are described that permit to study the impact of the tem-
perature and the material supply rates on the growth of InxGa1−xN segments in GaN
nanowires. The indium (In) incorporation into the crystal is limited by desorption of In
during the crystal growth. A growth model is formulated that allows to predict the alloy
composition from a quantitative in-situ measurement of the In desorption. The change in
2
composition between samples of one series is confirmed ex situ with the newly developed
statistical methods.
With the knowledge gained from the growth analysis, the structure of the InxGa1−xN
quantum wells was systematically varied in series of experiments. Chapter 6 reveals
that a controlled shift of the emission color was obtained in nanowire LED demonstrator
devices. A detailed comparison with the behavior of a planar active region indicates
that for an understanding of the light emission mechanism in nanowire LEDs, the radial
distribution of electronic states has to be taken into accout. In this chapter, too, a general
approach to strain engineering in nanowire heterostructures is discussed. Simple design
rules are derived from detailed numerical calculations. Values for the average strain in
InxGa1−xN quantum wells in nanowires are obtained from the simulation of resonant
Raman spectra, in order to prove the applicability of the design criteria.
Chapter 7 will conclude the findings and the open questions, and provide an outlook
for future research.
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2 The GaN-InN material system for
solid-state lighting
General concepts of semiconductor physics and the operating principle of GaN-based
LEDs will be introduced in the following. The purpose of this chapter is to highlight
which structural parameters influence the behaviour of an LED, and why InxGa1−xN/
GaN NWs are a promising alternative to planar films. The presentation relies to a large
extent on the introductory LED book by E. F. Schubert, [1] to which the reader is also
directed for a deeper discussion of the device physics. Information specific to nitride
semiconductors can be found in the handbook by H. Morkoç. [13] The method of NW
LED device integration used here was developed in the doctoral thesis of F. Limbach [12]
and is explained briefly at the end of the chapter.
2.1 Light-emitting diodes (LEDs)
Light can be emitted from a solid when an electron changes its quantum mechanical
state from a higher to a lower energy. The behavior of an electron is described by the
Schrödinger equation, which is fulfilled by wavefunctions with the wavevector k. The
energy state of the electron corresponds to the eigenvalue E(k). In a solid, the electrons
are subject to the electrostatic potential of atoms which are so close together that the
electron wavefunctions overlap. It was shown by Felix Bloch in 1928 that, as a conse-
quence, the electron states form continuous energy bands, as opposed to free electrons
with quantized energy states. [14] In the special class of semiconducting materials, the al-
lowed energy bands are separated by a bandgap: at very low temperatures, practically all
electrons on the outer shell occupy the valence band up to the energy EV, and the mate-
rial is insulating. Electrons can, however, be thermally excited into the conduction band
above the energy EC. They become charge carriers, and the material is now conductive.
(The density of states in the conduction band is analogous to free electrons, and the occu-
pation is governed by the Fermi distribution function.) An electron state can return to the
valence band by emitting a photon with an energy close to the bandgap Eg = EC− EV. In
other words, the wavelength λ of the light emitted by a band-to-band transition is given
by λ ≈ hc/Eg. (hc ≈ 1240 nm eV)
For the light emission process to occur, according to the Pauli principle, an occu-
pied state in the conduction band and an unoccupied state in the valence band must
be present. In a picture made popular by William Schockley around 1950, [15] unoccupied
states in the valence band can be described as holes. By exchanging the ionization be-
tween two atoms, holes can move in the valence band, and can therefore be described
analogously to electrons in the conduction band. This picture is sketched in Fig. 2.1.
Emission of a photon can occur if the electrons and holes recombine. The arrows in the
figure indicate another condition for radiative recombination: the electron and hole must
be close to each other, i. e. their wavefunctions must overlap spatially.
The band structure of a semiconductor determines if radiative recombination of elec-
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Figure 2.1: Illustration of elec-
trons in the conduction band and
holes in the valence band of a
semiconductor. The arrows in-
dicate electron–hole recombina-
tions in real space. From Ref. 1.
trons and holes is likely to occur. Similar to a free electron, the dispersion relation of
electrons and holes is parabolic, as shown in Fig. 2.2. Electrons will thermalize to the
valence band minimum, and holes to the conduction band maximum. Since the mo-
mentum of the emitted photon is negligible, momentum conservation requires that both
have a common k. Materials with such a band structure, so-called direct bandgap semi-
conductors, include many compound semiconductors. Silicon, however, possesses an
indirect bandgap, and photon emission occurs at a negligible rate and only accompanied
by momentum transfer to the crystal lattice.
Figure 2.2: Illustration of electron
and hole dispersion relations for
a direct-bandgap semiconductor,
and recombination in momentum
space. From Ref. 1.
Electron-hole pairs can be created by photoexciting the semiconductor. This is done
in photoluminescence spectroscopy (PL), which is used as a characterization tool in this
thesis. LEDs, however, are electrically driven (electroluminescence, EL) and employ a p-
n junction. The following will explain how a p-n junction can electrically inject electrons
and holes into the active region of an LED device.
If foreign atoms of higher valence replace a native atom in the crystal lattice, for exam-
ple Si at a Ga-site in GaN, the surplus electron is only losely attached. The Si atom is a
donor with an electronic state ED close to the conduction band. (The ionization energy
EC − ED is much smaller than the bandgap.) The material is said to be ‘n-doped’. The
donors are ionized at room temperature, freeing electrons into the conduction band and
increasing the electron concentration n. [16] At room temperature, the conduction elec-
trons from donor ionizations dominate over intrinsic conduction electrons, and the Fermi
level EF is shifted from the center of the bandgap towards the conduction band. Con-
versely, a foreign atom of lower valence, such as Mg at a Ga-site, is an acceptor, and
shifts the Fermi level to the valence band. Ionization of the acceptors creates holes in the
valence band, increasing the hole concentration p.
A p-n junction is formed by bringing regions of both types in contact. The band di-
agram and occupation under zero bias are shown in Fig. 2.3(a). Particles can travel be-
tween the p- and the n-side. Thus, a band bending occurs to align the respective Fermi
6
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Figure 2.3: Illustration of LED ac-
tive regions embedded in a p-n
junction. (a) The p-n junction is
depleted under zero bias, no re-
combination occurs. (b) Forward
bias promotes diffusion current
of electrons and holes, providing
minority carriers and allowing re-
combination and luminescence.
(c) A double heterostructure ac-
tive region can form a quantum
well (QW). The QW can act as
a diffusion barrier and drasti-
cally increase the carrier density
and the recombination efficiency.
From Ref. 1.
levels. The potential gradient makes electrons in the n-type region and holes in the p-
type region drift away from the junction. A depletion region of the width WD is created,
which is kept in equilibrium by the oppositely directed diffusion currents of electrons
and holes. No luminescence occurs. Figure 2.3(b) shows a p-n junction under forward
bias. The externally applied voltage promotes diffusion current of both carrier types.
Electroluminescence can occur by recombination of electrons and holes, which are now
brought together. In this homojunction, however, electrons diffuse over Ln and holes over
Lp, which limits the concentrations n and p at any given location. Significantly higher EL
intensity is obtained in LEDs possessing a quantum well (QW) in the active region. The
QW is formed by introducing a material of lower bandgap. (In a GaN-based LED, the
QW is typically InxGa1−xN.) The double heterostructure creates potential barriers for the
diffusion current, as shown in Figure 2.3(c). The width WDH can be made much lower
than the diffusion lengths, thereby increasing the carrier concentrations in the active re-
gion, and hence the recombination rate R, since R ∝ np (bimolecular recombination rate,
cf. Ref. 1).
The efficiency of light creation in the active region depends on the carrier capture in
the QW. Figure 2.4 indicates that the carrier distribution onto the conduction band states
in the QW can extend to energies high enough for carrier escape. In typical LED devices,
this is counteracted by an electron blocking layer (EBL). The EBL is a thin layer of a
material of higher bandgap (p-AlxGa1−xN), located at the p-side of the active region, and
aligned at the valence band edge by p-doping.
The layers of different materials that constitute the elements of an LED device have
to be obtained by successive epitaxial crystal growth. This is fundamentally different
from silicon electronics, where a p-n heterostructure can be obtained, for example, by
diffusion or implantation. Established methods for the growth of crystal heterostructures
are metal-organic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE, see
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Figure 2.4: The band profile of
a QW and the distribution of
electrons on energy states in the
conduction band are symbolized.
The effectiveness of carrier cap-
ture in the QW depends on the
barrier height ∆EC. From Ref. 1.
Sec. 3.1). With an active region as simple as the structure discussed so far, commercial
green GaN-based LED devices were grown by MOVPE, starting in 1994. [3,17] Figure 2.5
shows a sketch of the complete LED device, with the n-type GaN grown on a sapphire
substrate. The substrate is insulating, and therefore a groove has to be etched for the
n-electrode. The inset shows the band alignment of the EBL made from p-AlxGa1−xN.
Figure 2.5: Vertical structure of a simple GaN-based LED. The arrow points to the band pro-
file of the single quantum well and electron blocking layer at the p-side.a From
Ref. 3.
The wavelength of the light emitted by an LED depends on the available optical tran-
sitions. Quantum-mechanical confinement in the QW can separate the electron and hole
energy states by more than the bandgap Eg, and the second key parameters for the LED
color is therefore WDH. Effects specific to the emission from InxGa1−xN QWs are dis-
cussed below in Sec. 2.2.2. The exact photon energy depends also on the type of recom-
bination. For example, in a perfect crystal, an electron and a hole are tied together by
Coulomb interaction and form an exciton. At low temperatures, excitonic recombination
prevails, and the photon energy is Eg less the exciton binding energy. The emission spec-
trum is narrow, in the order of meV. The exciton can be bound to an impurity, such as
a donor, which will further reduce the optical transition energy. The luminescence be-
haviour at low temperatures is irrelevant for LED operation, but can be used for sample
characterization (see Secs. 3.4.3). At room temperature, where the characteristic thermal
aNote that the indicated nominal InxGa1−xN composition represents the precursor ratio during crystal
growth, and the In content in LED QWs is typically lower.
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energy kBT is higher than the exciton binding energy for GaN, free electron–hole recom-
bination dominates, and the thermally activated filling of the energy band broadens the
emission spectrum to a theoretical linewidth of 46 meV. [1]
White-light sources based on LEDs are made either by combining multiple active re-
gions in one or several chips, or with wavelength converters. In the latter approach, for
example, a simple blue-emitting LED device such as the one in Fig. 2.5 can be packaged
in a transparent dome containing a Ce-doped YAG phosphor. [3] The phosphor is then
excited by the blue light and emits yellow fluorescence.
LEDs are superior to other light sources in the sense that the conversion efficiency
of electrical energy to light of a specific wavelength can in principle be unity at room
temperature. The efficacy of an LED is limited by several factors, among which are (i)
power dissipation during the the electrical injection of carriers into the active region, (ii)
non-radiative recombination (via deep levels of crystal defects or Auger processes), and
(iii) absorption of photons within the device. A detailed discussion of the efficacy of
GaN-based LEDs, and some advanced device structures, can be found in Ch. 1 of Ref. 18.
To summarize this section, an LED is based on a direct bandgap semiconductor. The
active region is a QW structure, embedded in a p-n junction. Color definition is obtained
by bandgap engineering of the QW, which must take into account the carrier confine-
ment. From a physics perspective, a high density of electron-hole pairs must by achieved
in the QW with a spatial overlap of electron and hole wavefunctions. Also, non-radiative
recombination pathways must be reduced. It will be seen in the next section, that al-
though InxGa1−xN is a suitable material for bandgap engineering, the latter two criteria
impose design limits on present-day GaN-based LEDs.
2.2 Properties of III-nitrides
Materials with a suitable electronic band structure for LEDs can be found among the
III-V compound semiconductor crystals. Figure 2.6 shows their bandgap Eg (left-hand
y-axis) and crystal lattice parameter (x-axis). The wavelength of photon emission cor-
responding to a band-to-band transition is show on the right-hand y-axis. There, the
visible spectrum is also represented by the perceived colors. In the red to yellow-green
spectral range, LEDs can be made from In0.5(Ga1−xAlx)0.5P. This alloy is lattice-matched
to GaAs substrates, and the heterostructure can therefore be realized without introduc-
ing crystal defects. With high Al content (x > 70 %), however, the bandgap becomes
indirect, and true green LEDs can not be achieved with this material system. LEDs in
the green and blue spectral range are made from InxGa1−xN, an alloy of InN and GaN.
Figure 2.6 reveals that the bandgap of this material can cover the entire visible range. It
is also seen, however, that changing the alloy composition brings about drastic changes
in lattice parameter, which can impair the crystal growth at the heterointerface and the
optical properties. Lattice-matched solutions with quarternary (Al,Ga,In)N heterostruc-
tures have been investigated, [19] but have proven difficult to implement. With the advent
of successful III-nitride synthesis, research on LEDs based on II-VI films (II-sulfides and
II-selenides are lattice-matched to GaAs) was supplanted in around 1995. [20]
The main drawback of III-nitrides is the lack of a lattice-matched substrate for epitaxial
crystal growth. Native GaN substrates have remained too expensive for LED production
until today. Table 2.1 lists the lattice parameters and the thermal properties of the III-
nitrides and of the subtrate materials sapphire (Al2O3), 6H-SiC and Si. These substrate
materials are used for GaN production by heteroexpitaxy. The lattice mismatch is given
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Figure 2.6: Bandgap and lattice parameter of III-V semiconductors. From Degreen, Wikime-
dia Commons.
for growth in the (0001)-plane, respectively the (111)-plane in cubic materials. The table
shows that SiC is well suited for GaN growth, because it has a low misfit and a match-
ing thermal expansion coefficient. SiC is expensive, however, and LED production has
moved to sapphire, despite several disadvantages: the lattice mismatch is large, the mis-
match in the thermal expansion causes wafer bowing, and the low thermal conductivity
is detrimental to heat dissipation from simple devices such as in Fig. 2.5. GaN growth on
Si will be discussed in Sec. 3.3. On these substrates AlN is sometimes used as an inter-
layer before GaN growth. Section 3.4 will address a novel approach to GaN growth on
a Ti metal film, and the likely interface materials are included in Table 2.1 for complete-
ness. The remainder of this section will focus on the properties of the III-nitride crystal
that impact the light emission from an LED active region.
2.2.1 Crystal structure
GaN, when grown by MBE or MOVPE on common substrates [such as sapphire in the
(0001)-plane], crystallizes in the hexagonal ‘wurtzite’ phase (α-GaN, h-GaN, space group
P63/mc, no. 186) with a 2H stacking sequence. The less stable cubic polytype (‘sphalerite’
phase, β-GaN, c-GaN) with the 3C stacking can be synthesized on cubic substrates, [21–23]
generally with inferior crystal quality. The unit cells of the h-GaN polytype is drawn in
Fig. 2.7(a), and that of c-GaN in Figs. 2.7(b) and (c), from two different perpectives. Low-
index planes in the hexagonal unit cell are named in the literature as drawn in Fig. 2.8.b
Comparing the figures 2.7(a) and (b) shows that the geometry of the chemical bonds
in h-GaN and c-GaN is very similar. The gray oval areas highlight Ga-N pairs, which
bIn keeping with the tradition at PDI, the crystallographic planes and directions are denoted with capitals
in this work.
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Table 2.1: Lattice parameters and thermal characteristics of III-nitrides and substrates for het-
eroepitaxy in the (0001)-plane. To clarify the mismatch value, the table lists for
every material the length of the lattice translation vector which is compliant to the
translation by the lattice parameter a in GaN. (The experimental determination of
the in-plane orientation is discussed in Secs. 3.2.1 and 3.4.)
space
group
lattice
parameters
thermal
exp. ∆a/a
thermal
conductivity
compliance
to GaN
lattice
mismatch
a (Å) c (Å) (10−6K−1) (W cm−1 K−1) (2dGaN112¯0 = a
GaN) (%)
epilayers
AlN P63mc 3.10 4.97 4.2 2d112¯0 = a −2.7
GaN P63mc 3.19 5.19 5.6
InN P63mc 3.54 5.70 2d112¯0 = a 11.0
substrates
sapphire R3¯c 4.76 12.99 7.5 0.4 2d33¯00 = a/
√
3 −13.9
6H-SiC P63mc 3.08 15.11 4.2 4.9 2d112¯0 = a −3.4
Si(111) Fd3¯m 5.43 3.6 1.5 d110 = a/
√
2 20.4
materials discussed in Sec. 3.4
TiN(111) Fm3¯m 4.24 d110 = a/
√
2 −6.0
TiO(111) Fm3¯m 4.18 d110 = a/
√
2 −7.3
alternate between two lateral positions in h-GaN, with an ABAB... stacking sequence
(2H). When the stacking sequence extends to a third lateral position and is repeated
as ABCABC... (3C), c-GaN is obtained. Figure 2.7(c) projects the c-GaN unit cell along
the coordinate axes, making the cubic structure visible. During GaN crystal growth in
C-direction, especially at low temperatures, stacking faults can occur. The stacking se-
quence, which is normally 2H, can change to 3C for one or several monolayers, creating
thin layers of c-GaN in the h-GaN matrix. This will be discussed further in Sec. 5.3.2.
The wurtzite crystal structure has no inversion plane perpendicular to the C-axis, and
h-GaN exhibits a spontaneous polarization PSP = −0.022 C/m2 along this axis. [26] III-
nitrides have a high ionicity of the chemical bond, and the spontaneous polarization can
be understood if the negative and positive charges of the Ga and N atoms are thought of
as concentrated in ‘centers of gravity’. The lack of an inversion center means that these
effective positive and negative charge centers are separated, and thus create an electric
field. In the [0001]-direction, the crystal is said to be Ga-polar, because truncation of
the Ga-N single bond [indicated by the gray area in Fig. 2.7(a)] leaves a Ga-terminated
surface. In the opposite [0001¯]-direction, the crystal is N-polar. The wurtzite structure
is non-polar on the M- and A-axes, and the effective polarization can in principle be
chosen to suit the device application by selecting an oblique orientation. [27,28] Present-
day conventional GaN-based LEDs, however, are grown in the C-plane.
The polarization in nitride semiconductor heterostructures is critically dependent on
strain: the forced deformation of the crystal structure induces a piezoelectric polarization
PPZ. As seen above, the relaxed lattice of InN is 11 % wider than that of GaN. A coherently
grown InxGa1−xN QW on a planar GaN film experiences compressive in-plane strain. As
seen in Fig. 2.6, blue LEDs are made with x ≈ 10 %, equivalent to about −1 % in-plane
strain (∆a/a) in the QW. If no plastic relaxation occurs via the introduction of misfit dis-
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Figure 2.7: GaN unit cells of two polytypes differing in stacking se-
quence. (a) Hexagonal, or wurtzite, α-GaN with 2H stacking. (b) and
(c) Cubic, or sphalerite, β-GaN with 3C stacking, in two projections.
From Ref. 24
Figure 2.8: Planes in
the hexagonal unit
cell. From Ref. 25.
locations at the heterointerface, and the GaN film retains its bulk lattice constant, the QW
is said to be fully elastically strained. In this situation, the Poisson effect induces a tensile
out-of-plane strain (∆c/c) in C-direction of about 0.5 %. This strain creates a piezoelec-
tric polarization PPZ = 0.008 C/m2. [29] Due to the lattice mismatch in this example, the
strain changes abruptly at the heterointerface, and the polarization changes by PPZ (if PSP
is equal in the neighboring materials). Under high tensile out-of-plane strain, the QW
can be thought of as a plate capacitor, with positive charges at the Ga-face, and negative
charges at the N-face. In GaN-based LEDs, the QW thickness is in the order of 3 nm, and
the polarization field can be up to 2 MV/cm for typical InxGa1−xN compositions. [28,30]
The consequences for light emission will be introduced in the following. Elastic strain
relaxation and the measurement of strain in InxGa1−xN/GaN heterostructures by x-ray
diffraction and Raman spectroscopy will be the subject of Ch. 4.
2.2.2 Light emission from InxGa1-xN quantum wells
The bandgap of the InxGa1−xN alloy depends on the composition, the temperature, and
the strain. References to the numerical determination of the bandgap is given in this
paragraph for later use. In the presence of shear strain, the bandgap can be calculated
with the Bir-Pikus 6× 6 Hamiltonian. For this work, the parameters and an algorithm
were provided by O. Brandt. [31–33] If InxGa1−xN is under biaxial strain, as is the case in
planar LED devices, an approximation for the bandgap can be given:
Eg(x, ε) = xEInNg + (1− x)EGaNg − bx(1− x)− cεxx. (2.1)
In this expression, the bandgaps EInNg and EGaNg are 0.63 eV [34] and 3.447 eV, [35] respec-
tively. The bowing parameter b was obtained by O. Brandt as 1.595 eV from a fit of the
data in Ref. 35. He also derived the strain correction c = 0.8 eV from the elastic con-
stants [36] and the deformation potentials for fully biaxially strained InxGa1−xN on GaN.
In an InxGa1−xN quantum well the transition energy of radiative recombination devi-
ates from the bandgap because of several effects:
• Due to localization of the wavefunction in the QW, the electron ground state is
above EC, and the first hole state below EV. By itself, this effect results in a blueshift
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Figure 2.9: Illustration of the quantum-confined
Stark effect (QCSE). In0.15Ga0.85N/GaN QWs in the
polar C-plane (a), and in the non-polar A-plane (b).
The top images show the layer structure and po-
larization fields, the bottom images show the band
profile. From Ref. 39.
Figure 2.10: Time-resolved PL data from
InxGa1−xN/GaN QWs of constant
composition but varying thickness.
With increasing thickness, the QCSE
induces a redshift of the emission
and a reduced probability of radiative
recombination, reflected in the higher
PL decay time τ10. The piezoelectric
field F is obtained as a fit parameter.
From Ref. 40.
of the emission.
• The piezoelectric field draws the electron to the Ga-face of the QW, and the hole
to the N-face. With increasing distance, the transition energy decreases, i. e. the
emission is redshifted. This is the quantum confined Stark effect (QCSE). [29,37]
• Local alloy fluctuations result in In-rich clusters with a bandgap lower than the av-
erage of the QW. Localization of carriers and recombination in such clusters induces
a redshift.
The electron and hole states can be obtained for a QW with known structural parame-
ters by solving Schrödinger-Poisson equations in a self-consistent way. For a planar film,
a one-dimensional calculation along the plane normal is sufficient. [38] The agreement of
such calculations with experiments on planar films depends on the degree of alloy fluc-
tuations, which induce a redshift. Figure 2.9, taken from a work by Chichibu et al., [39]
illustrates the QCSE by comparing the results of the Schrödinger-Poisson calculation for
In0.15Ga0.85N/GaN QWs in the polar C-plane (a), and in the non-polar A-plane (b). The
QW thickness is 3 nm. At the top, the layer structure and polarization fields are sketched,
and the spontaneous and piezoelectric polarizations are shown together with the respec-
tive interface charges. At the bottom, the band profiles, ground states and wavefunction
amplitudes are shown. The redshift of the transition caused by the QCSE in the polar
QW is evident from the lower transition energy of 2.6 eV, compared to the transition in
the non-polar QW of 2.8 eV.
A second consequence of the QCSE is a reduced probability of radiative recombina-
tion, because the electron and hole wavefunctions are spatially separated. This can be
seen at low temperature, where the lifetime of the charge carrier pairs in time-resolved
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PL (TRPL) is an indication for the transition probability. Figure 2.10, which is repro-
duced from Lefebvre et al., Ref. 40, shows the time τ10 of PL intensity decay to a tenth of
the maximum after pulsed excitation of InxGa1−xN/GaN QWs. The QWs have identical
composition, and the variation in photon energy (bottom axis) is due to the QCSE and
a variation in QW thickness. The corresponding QW thickness is shown at the top axis.
Increasing the QW thickness from 2 nm to 5.5 nm increases τ10 by four orders of magni-
tude. Since competing non-radiative recombination paths are always present in real QW
structures, the QCSE lowers the luminescence intensity dramatically for thick QWs. The
thickness of QWs in polar GaN-based LEDs has to be kept in the order of 5 nm or below.
The recombination in typical InxGa1−xN layers is aided by alloy fluctuations. (Details
on InxGa1−xN growth will be given in Ch. 5.) In-rich clusters act as carrier localization
centers and inhibit the spatial separation of electrons and holes by the QCSE. [39]
Currently, GaN-based LEDs are available in the blue and green spectral range, with
In content in the QWs up to about 17 %. In the longer wavelength range, the internal
quantum efficiency is drastically reduced at high current densities. The origin of this so-
called ‘droop’ effect is under debate, [41,42] but crystal defects likely play a role. The green-
yellow spectral range is presently not covered by high-efficiency LEDs, neither made
from InxGa1−xN nor from In0.5(Ga1−xAlx)0.5P. This fact is referred to as the ‘green gap’. [43]
If more In could be incorporated in the QW without compromising crystal quality, the red
spectral range might be within reach of GaN-based LEDs. This could simplify the device
integration of polychromatic light sources, and also alleviate the use of phosphorus.
One path to improving the luminous efficacy of GaN-based LEDs is to reduce the
piezoelectric field in the QWs. To this end, planar devices can be grown on nonpolar
or semipolar crystal planes, and devices have been produced in that way. [28] Another
way is to relieve the strain in polar QW by elastic relaxation. This is possible in axial
heterostructures in nanowires, as will be shown in the following.
2.3 Nanowires as an alternative to planar LED device geometry
Lattice mismatch in heteroepitaxy poses two challenges for the design of an LED based
on GaN films: First, a substrate such as SiC must be chosen that is almost lattice matched,
or buffer layers must be introduced to manage strain and misfit dislocations, at the cost of
thick epitaxial growth. Second, the luminescence intensity of InxGa1−xN QWs is compro-
mised by strain and misfit dislocations. LED device concepts based on GaN nanowires
(NW) can respond to both of these challenges. As will be discussed in detail in Sec. 3.3,
GaN NWs can be grown bottom-up with high crystal quality on lattice-mismatched sub-
strates. For the design of the active region in GaN NW LEDs, there are two principal
possibilities that are summarized in Table 2.2.
GaN nanowires can be grown along the crystallographic C-axis. One possibility for the
active region is then to grow InxGa1−xN QWs radially on the side facets. The side facets
are non-polar, and although a radial QW would still be subject to strain induced by the
lattice mismatch, the QCSE would be absent. Another aspect of this radial layout is the
increased surface area of the active region, compared to a planar device. The second pos-
sibility is to arrange the same device structure as in Fig. 2.5 axially in the NW. When the
in-plane dimension of a mismatched crystal heterostructure is small, interface strain can
relax laterally. Axial NW heterostructures can be obtained by nanostructuring the active
region after the growth of a C-plane film. With decreasing NW diameter, increased PL
intensity, [44] a blueshift of the emission, [45,46] and a decreased radiative lifetime at low
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Table 2.2: Strategies for LED devices based on GaN-nanowires grown along the C-axis.
InxGa1−xN/GaN
heterostructure geometry
quantum well
alignment
characteristic differences to
C-plane planar device
radial
M-plane
(nonpolar)
• no QCSE
• increased area of the
active region
axial
C-plane
(polar)
• reduced QCSE
• elastic strain relaxation
temperature [46] showed that the piezoelectric field in nitride QWs can thus be reduced.
Post-growth structuring cannot, however, eliminate interface defects due to plastic relax-
ation. A further step is taken by using bottom-up grown NWs, which allow elastic strain
relaxation during the growth. Defect-free heterointerfaces can be obtained in the bottom-
up growth of axial nanowire heterostructures. [11,47,48] A potential benefit common to both
NW LED layouts is the enhanced outcoupling of light. This is based on the consideration
that a light wave cannot be confined in a space smaller than the wavelength, and hence
internal reflection is suppressed in comparison to planar films. [49]
GaN nanowires are investigated in this thesis as a means to expand the possibilities
of strain management in heterostructures. GaN NW-based LEDs with axial InxGa1−xN/
GaN heterostructures are used as a practical example. Managing the strain in lattice-
mismatched semiconductor heterostructures by introducing free surfaces in nanostruc-
tures is not only a perspective for LEDs, but can improve the performance of other de-
vices as well. Azize et al. have shown, for example, that strain control enhances the carrier
mobility in a transistor channel. [50]
GaN NW-based LEDs with an axially arranged active region have been fabricated by
several groups. [8,51–57] Emission wavelengths were obtained that reach far into the in-
frared, indicating that this device structure may permit to bridge the ‘green gap’. Fig-
ure 2.11(a) shows the arrangement of substrate, base NW, and axial heterostructure that
is common to the reported bottom-up grown GaN nanowire LEDs.
The strain relaxation in a QW placed axially in a NW can be calculated by the finite-
element method, and the result is shown in Fig. 2.11(b). The relaxed lattice constant of the
QW is larger than that of the base NW and cap. Therefore, the NW side facets bulge at the
position of the QW. (As discussed above, the typical mismatch values in QWs of GaN-
based LEDs are in the order of 1 %, and the displacement in the figure is exaggerated
for clarity.) The component εzz of the strain tensor, indicating the lattice distortion in the
direction of the NW axis, is represented by the color. The significant result is that large
portions of the base NW, QW and cap, that are shown in green, are strain-free. Because of
the lattice coherence, strain relaxation is gradual across the interfaces. The strain is non-
uniform in the heterostructure, and the maximum and minimum values are oberserved
at the surface (red in the QW and black in the base NW). An efficient way to estimate
the strain in axial NW multi-quantum well structures will be presented in Ch. 4 The
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(a) Sketch of a NW with an axial multi-
quantum-well heterostructure.
zzε
x y
z
(b) Finite element simulation of the relaxation
in an axial quantum well with a bigger lat-
tice constant than the nanowire. Calcula-
tion by M. Hanke.
Figure 2.11: Arrangement and relaxation of axial InxGa1−xN/GaN MQWs in a nanowire.
possibilities of strain engineering in InxGa1−xN/GaN NWs will be discussed in Sec. 6.5.
To maximize elastic strain relaxation during crystal growth, and to use alternative sub-
strates, the NWs must be produced in a bottom-up approach. Growth environments
can be used that have been developed for planar films: MBE, MOVPE, and halide va-
por epitaxy, for example. A long-established method for bottom-up NW synthesis is the
vapor-liquid-solid growth. [4] The crystal forms only within the footprint of the particle,
leading to NW growth. GaN NWs can be synthesized with the help of a catalyst mate-
rial, too. A more attractive way of producing such NWs is the self-induced growth by
plasma-assisted molecular beam epitaxy (MBE), [58] because this process does not require
any foreign collector material and results in GaN of outstanding quality. [59]
2.4 Integration of a nanowire LED device
The InxGa1−xN/GaN nanowire multi-quantum well structure, which was developed in
this thesis, was tested in NW LED devices with Si substrates. The vertical structure of the
test devices is essentially the same as the simple planar device shown in Fig. 2.5, but with
four QWs. The self-induced NWs grow vertically on the substrate and can be contacted
in parallel, as was already shown by Kishino and co-workers in 2004. [8] They obtained a
common p-contact by merging the NWs during lateral crystal growth in the Mg-doped
p-GaN region. Highly doped n-Si(111) allows to use the substrate as a back contact.
In this work, the self-induced NWs were grown isolated from one another and pla-
narized with spin-on-glassc prior to depositing a transparent p-contact. This planariza-
cHydrogen silsesquioxane (HSQ) electron beam spin-on resist, offered as ‘Dow Corning XR-1541 E-Beam
Resist.’
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Si(111) Si(111)
Si(111)Si(111)
200 nm
(a)
(b)
Figure 2.12: Nanowire LED device planarization and p-contact fabrication. (a) Process steps:
self-induced GaN NWs with LED structure grow vertically on Si → the space
between the NWs is filled with spin-on-glass→ insulation of the p-GaN cap by
spin-on-glass is removed by reactive ion etching→ deposition of Ni/Au trans-
parent contact and Ti/Au electrode. (b) Cross-sectional transmission electron
microscope bright-field image. The Ni/Au transparent contact is seen as a thin
dark contrast connecting the NW tips. [57]
tion has the benefit that the NWs form a stable layer. The ‘NW layer’ can, for example,
be processed for emission from the n-side by removal of the subtrate. [60] The test devices
discussed here, however, were made by the nanowire LED process developed at PDI by
Friederich Limbach. [12,57] His work included the definition of the n-doping of the GaN:Si
NW base, the growth conditions for the GaN:Mg cap, and the planarization and contact-
ing.
The sequence of process steps for planarization and fabrication of the p-contact is
shown in Figure 2.12(a): (i) Self-induced n-GaN NWs with InxGa1−xN/GaN MQW, EBL
and p-GaN cap grow vertically on Si(111), (ii) the space between the NWs is filled with
spin-on-glass, (iii) the insulation of the p-GaN cap by spin-on-glass is removed by reac-
tive ion etching, and (iv) a transparant Ni/Au contact (5 nm / 5 nm) and Ti/Au electrodes
and bond pads (10 nm / 90 nm) are deposited. The cross-section transmission electron
microscope image in Figure 2.12(a) shows a thin dark line connecting the NW tips, which
represents the Ni/Au transparent contact and shows that all NWs within the image are
contacted.
The n-contact is formed at the back side of the Si wafer by removing the oxide with an
HF dip and depositing an Al/Au film (50 nm / 50 nm).
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3 Growth and in-situ analysis of
group-III-nitride nanowires
The aim of this thesis is the controlled synthesis of InxGa1−xN heterostructures in GaN
nanowires. GaN nanowires do not only form the technical basis of heterostructures and
prospective LED devices, but have also been studied in more depth. The concepts of
GaN NW growth are presented in this chapter in preparation of the heterostructure syn-
thesis. Studies on InN NW growth are available in literature. [61,62] The specific problems
of ternary alloy growth will be dealt with in Ch. 5.
For this thesis, GaN NWs were synthesized by molecular beam epitaxy. The distin-
guishing feature of this technique is the ultra-high vacuum. The mean free path is long
enough for atoms to reach the substrate by a straight-line path. [63] Precise control of the
adatom fluxes by shutters is possible, and foreign material as well as particles formed
by parasitic reactions in the growth chamber can largely be avoided. Another benefit of
the long mean free path is the feasability of in-situ surface analysis by electron diffraction
and in-situ desorption study by line-of-sight QMS.
The growth of III-nitrides in MBE has been studied in the last twenty years in paral-
lel with the industrialization of MOVPE-grown material. [13,64] Aside from providing a
technical solution for the synthesis of high-quality planar material, the focus has been on
understanding the atomic processes during the crystal growth. More recently, III-nitride
nanowire growth by MBE has also been studied in detail, and GaN nanowires are repro-
ducibly obtained. [58]
This chapter introduces the experimental methods used in MBE as well as the estab-
lished models for the growth of III-nitrides in the form of planar films and nanowires.
Finally, Sec. 3.4 will reveal how these principles can be applied to the development of a
new GaN NW nucleation ‘recipe’ for the growth on a metal surface.
3.1 Molecular beam epitaxy
The experiments in this study were carried out in the MBE 8 system at the Paul-Drude-
Institut, built in 1995 by Createc Fischer GmbH. A base pressure in the growth chamber
below 10−10 torr was obtaineda in stand-by with a cryo pump and an ion getter pump.
To achieve this base pressure, the growth chamber contains a cooling shroud filled with
liquid nitrogen, where residual water vapor condenses. The cooling shroud is shown
in the cross section in Fig. 3.1(a). During the growth experiments, the growth chamber
pressure was typically 10−5 torr, with only the cryo pump working against an N2 flow of
2 sccm. The sample is heated from above with a filament, controlled by a thermocouple
(T/C). The sample temperature is monitored by a pyrometer mounted centrally at the
bottom of the growth chamber.
The source ports are located at the bottom of the growth chamber at different angles
from the sample surface normal. Figure 3.1(a) shows the alignment of the source ports
aData log from growth chamber ion gauge (channel gc.ig1), March 2011.
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(a) Scale drawing of the vertical cross sec-
tion. The placement of a metal effusion cell
is sketched with an idealized directional
characteristic of the beam. The aperture
limits the QMS collection area on the sam-
ple.
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(b) Horizontal cross section in top view, in-
dicating the source and QMS placement
used from Feb. 2010 until Oct. 2011. The
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Figure 3.1: MBE 8 growth chamber setup, showing the arrangement of the sources and the
QMS. Based on drawings from Createc Fischer GmbH.
on the inner ring. Here is also visible that, in MBE 8, the large cooling shroud encloses
the sources laterally, thereby eliminating the need for water cooling of the effusion cells
(at the cost of nitrogen consumption). One source port is occupied by the line-of-sight
quadrupole mass spectrometer (QMS). An aperture on the cooling shroud, also visible
in Fig. 3.1(a), defines the collection area visible to the QMS to a circular area of 3 cm
diameter in the middle of the sample. Active N can be provided by two radio-frequency
plasma sources, [65,66] herein named the Specs and SVTA sources, after their respective
manufacturer. The fluxes of the metals In, Al, and Ga as well as of the dopants Si and Mg
are obtained from effusion cells. [63] Figure 3.1(b) depicts the placement of the cells for the
growth experiments within this study. The calibration of the source fluxes is detailed in
App. C.
3.2 In-situ analytical methods in molecular beam epitaxy
The ultra-high vacuum in MBE allows to perform extensive growth analyses in situ. Elec-
tron diffraction on the sample surface during growth will be discussed in this section, as
well as the detection of the rate and mass of desorbing atoms. These two methods are
complementary. As an example of their application, the consistency check of the pyrom-
eter reading will by demonstrated in conclusion.
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3.2.1 Reflection high-energy electron diffraction
Reflection high-energy electron diffraction (RHEED) is established as a powerful tool
in MBE, and is routinely used to investigate growth mode, growth rate, flatness, crystal
structure, adlayer formation, facet angles, and epitaxial relations of heterostructures. [67–69]
RHEED observation of well-known temperature-dependent processes, such as melting,
evaporation [70,71] and surface reconstruction [72] can support the temperature calibration.
The surface diffraction is illustrated in Fig. 3.2(a). Electrons hit the sample with the wave
vector k0. Constructive interference, and therefore high intensity of the scattered wave
with the vector k, is obtained when (k0 − k) equals a translation in the reciprocal lat-
tice. Elastic scattering requires that all possible k are of equal length. They can thus
be described by the ‘Ewald sphere’. Under grazing incidence on a perfectly flat crystal
surface, the electron wave is scattered only from the topmost atomic layers. Information
about the out-of-plane lattice is absent, and the reciprocal lattice points become vertical
rods. Reflections on the screen can be constructed from the intersection of these rods with
the Ewald sphere. The reflections appear on rings, as depicted in Fig. 3.2(b).
sample direct beam
shadow edge
reflected
diffraction
fluorescent screen
k
k0
3 102
lattice rods
reciprocalEwald
sphere
spot (1. LZ)
beam (0. LZ)
Laue zone
k−k0
(a) Ewald construction.
reflections
azimuth
screen
shadow
edge
reciprocal lattice rods
of one Laue zone
sample Ewald sphere
(b) Projection onto the screen.
Figure 3.2: RHEED geometry. [73] Figure 3.3: RHEED patterns. From Ref. 74.
The diffraction patterns are characteristic for the surface roughness. A detailed account
is given by Ichimiya and Cohen in Ref. 68, Ch. 8. The principal features of RHEED pat-
terns for the purpose of this thesis are shown in Fig. 3.3. Diffraction from a perfect crystal
surface (a), with thin reciprocal lattice rods, leads to a pattern of laterally equidistant
reflections located on circles centered on the incident beam. If the sample is polycrys-
talline (b), angular information with respect to rotation about the incident beam is lost,
and a ring pattern appears. If the surface is not perfectly smooth, but composed of flat
domains of finite size (c), the reciprocal lattice rods are broadened, and the intersections
with the Ewald sphere form streaks. Finally, if the electron wave travels through three-
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dimensional features on a rough surface (d), out-of-plane information is restored to the
reciprocal lattice, which is ‘projected’ onto the screen.
The spacing of crystal planes d is inversely proportional to the distance D of the diffrac-
tion spots on the RHEED screen. Since the scattering angle is small, the Bragg condition
can be simplified to Eq. (3.1). This equation is visualized by the intercept theorem.[73] λ
is the wavelength of the electron beam (accelerated at 20 kV in this work), and L is the
distance between the sample and the screen (camera length). A practical procedure is to
measure D for a pair of known reflections and calculate λL. Tentative assignment of other
reflection spots on the screen to reciprocal lattice vectors can then be tested by comparing
calculated and measured values for D. [75,76]
'
/
2 π/
2 π/λ
G 2π/d
D
=
2π/λ
L
⇒ d = λL
D
(3.1)
Typical RHEED images obtained during the growth of GaN NWs on Si(111) are shown
in Fig. 3.4. The figure is organized in two columns, showing images of the screen in
two angular positions of the sample that yield diffraction patterns of high symmetry.
The orientation of the crystal dominating the diffraction is indicated by the coordinate
system next to each image. Within each column, the sample orientation is unchanged,
and the epitaxial relation of GaN NWs can be obtained. The spacing D of distinctive
reflection spots and the corresponding crystal lattice spacing λL/D is also given for each
image. Because of the characteristic horizontal spacing of the reflections, these two high-
symmetry azimuths are sometimes called ‘narrow-spaced’ and ‘wide-spaced’.
A clean Si(111) sample surface with the (7× 7) reconstruction as shown in Fig. 3.4(a) is
obtained after oxide removal with the Ga polishing procedure decribed in Sec. 5.2.b
During the growth of GaN NWs at about 800 ◦C, clear transmission diffraction spots
from h-GaN are observed. The GaN(0001) plane (C-plane) grows parallel to the Si(111)
substrate surface. In-plane, GaN[11¯00]‖Si[112¯], and GaN[112¯0]‖Si[11¯0]. [77] In this orien-
tation, GaN NWs match the Si lattice with a one atom to one atom correspondence and
a strain of −17%.[78]c Small imperfections of in-plane alignment (twist), that is a random
fluctuation of rotation of the NWs about the growth axis, can not be seen in the station-
ary azimuts. If the in-plane orientation of the NWs is completely random, both the ‘nar-
row’ and ‘wide’ patterns will superimpose in any azimuth. Imperfections in out-of-plane
alignment (tilt) will broaden the reflections to rings as sketched in Fig. 3.3(a). This effect
is present to a small extent in the experimental images in Fig. 3.4(b). Forbidden reflec-
tions hk.l in the narrow-spaced azimuth (h = −k) are 00.1, 00.3, 00.5, etc. In RHEED, they
do appear due to diffraction from multiple NWs. In the wide-spaced azimuth (h = k) all
reflections with odd l are forbidden. That is why the smallest vertical spacing in the latter
azimuth is twice that of the former.d
bThe contrast of the reconstruction spots is not ideal, but typical for work on MBE8 in July 2010. All the
images shown in Fig. 3.4 are acquired under identical beam conditions.
cA second possible orientation was reported in literature that would show the narrow-spaced GaN[112¯0]
azimuth aligned with the wide-spaced Si[112¯] azimut. [78] No evidence for this orientation was found in
the present work by RHEED, XRD or SEM (see App. B).
dThe weak contrast at ½½.l with l odd is of unknown origin. This phenomenon is not specific to GaN NWs
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Figure 3.4: RHEED patterns of GaN grown on Si(111). Each column shows a fixed azimuth.
The coordinate system of the dominant crystal and the spacing of the diffracting
planes are shown on the margin. (a) (7× 7) Si(111) reconstruction indicating a
clean surface. These two images were acquired by T. Gotschke. (b) Diffraction
pattern during GaN NW growth at about 800 ◦C. (c) Additional diffraction spots
in the narrow-spaced azimuth indicating the formation of GaN in the cubic poly-
type.
During GaN growth by MBE at lower temperatures, insertions of the cubic polytype,
c-GaN, can form in nanoscale islands [24,80] and in NWs. [81] This can readily be observed
by RHEED. The images in Fig. 3.4(c) are obtained during the same growth experiment as
Fig. 3.4(b), but after lowering the growth temperature from about 800 ◦C to about 600 ◦C,
the temperature typically used for the growth of InxGa1−xN. In both azimuths the pre-
viously observed h-GaN reflections are still present, but in the narrow-spaced azimut,
diffraction from c-GaN is seen in addition. The translation vectors 002, 111 and 111¯ are
shown in red, in the sketched coordinate system. These vectors construct some of the ad-
ditional spots. Under these growth conditions, GaN forms a multitude of stacking faults
and twins in the main (111) growth plane, but also on equivalent {111} planes pointing
away from the NW axis. Two of the possible twin orientations are indicated by the blue
vectors which mirror the crystal about the ‘red 111-axis’ in the growth plane, and the
and has also been observed in InxGa1−xN by TEM. The explanation attempt in Ref. 79 by InxGa1−xN
ordering is unconvincing and contradicted by this observation on GaN NWs. [F. Glas, private communi-
cation]
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(a) Quadrupole field.
(b) Quadrupole analyzer. (c) Ion trajectories.
Figure 3.5: Quadrupole mass spectrometer: principle of operation. From Ref. 86.
green vectors which mirror about the ‘red 111¯-axis’. c-GaN formation is not visible in the
wide-spaced azimuth.
3.2.2 Line-of-sight quadrupole mass spectrometry
Mass spectroscopy is routinely used for the residual gas analysis in vacuum chambers. In
the variant used here, the spectrometer is arranged in line-of-sight from the substrate and
can identify the rate and species of desorbing atoms. The data from QMS is particularly
useful for the quantitative study of growth kinetics, i. e. nucleation, decomposition, and
desorption. Ga desorption from GaN [82] and from Si [70] were studied using QMS, as well
as GaN decomposition. [83] During MBE growth experiments, a drop in the desorption
can indicate nucleation and the beginning of crystal growth. In this way, QMS has been
used to study the nucleation of planar GaN films [84] and GaN NWs. [85]
The operational principle of a quadrupole mass spectrometer is well explained in an
article by J. H. Batey. [86] In brief, residual gas atoms are ionized at the entry to the mass
spectrometer. The charged particles then travel in z-direction through an electric field
with equipotential lines in the x, y-plane as shown in Fig. 3.5(a). This field is created
between four electrodes, arranged as in Fig. 3.5(b), by a combination of direct and al-
ternating voltages. A particle is deflected from its original path according to equations
of motion which are generally divergent, but stable for a certain mass, defined by the
quadrupole geometry and the applied potential. Batey illustrates this with the figure re-
produced here in Fig. 3.5(c). Ions with a of mass 27 u have an unstable trajectory in the
x-direction. Ions of 28 u have a stable trajectory and pass the filter, whereas heavier ions
have an unstable trajectory in y-direction. The resulting ion current is a measure for the
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partial pressure of an atomic species in the growth chamber.
In the present experiments, an SRS RGA200 QMS is mounted on a source port, in line of
sight from the substrate, as shown in 3.1(a). The desorption of In and Ga atoms from the
sample can thus be determined from the partial pressures of the 69Ga and 115In isotopes.
This QMS possesses a continuous dynode electron multiplier to detect the ion current,
which allows to measure partial pressures down to 10−12 torr.
3.2.3 In-situ metrology example: substrate temperature consistency check
The information delivered by QMS and RHEED is complementary in the sense that QMS
detects the desorption of adatoms while RHEED detects the appearance of a surface.
This section will give an example of how these informations can be used in the MBE
laboratory. QMS and RHEED are used for a consistency check of the pyrometer reading.
At the same time, the temperature measurement in MBE is explained.
The sample holder temperature is regulated in MBE 8 by a PID controller in closed loop
with a thermocouple (T/C). At the same time, the substrate temperature T is monitored
with a Luxtron PhotriX pyrometer operating at 900 nm.e GaN is transparent for infrared
radiation and the pyrometer reading is therefore representative of the silicon surface.
When an metal source shutter is opened, the reflection of the glowing effusion cell from
the substrate can increase the pyrometer reading. The most representative value for T
was obtained immediately before opening the metal source shutters. The biggest source
of error in the pyrometer temperature is an obstruction of the viewport with debris, Ga
droplets or parasitic growth. A quick check of the pyrometer reading was routinely car-
ried out at the start of every growth experiment. This routine procedure can be followed
in Fig. 3.6. The Ga shutter state, T/C and pyrometer temperatures, Ga desorption signal,
and RHEED intensities are all plotted against the time of the day in (a). The RHEED im-
age sensor areas where the intensities were integrated are marked in (b). By opening the
Ga shutter, 40 ML Galiq are deposited onto the clean Si(111) substrate and subsequently
evaporated at a fixed rate of temperature increase dT/dt = 25 ◦C/min. The same tem-
perature reading should be obtained in every experiment at the moment time when all
Ga is evaporated. [70] The complete evaporation is indicated in two ways. Line-of-sight
QMS shows the drop of the 69Ga partial pressure, and the 7× 7 reconstruction appears
in RHEED. In the experiment shown here, at this moment, the pyrometer reads 698 ◦C
and the T/C 934 ◦C. While the T/C reading is not representative of the sample tempera-
ture, the pyrometer reading can be reproduced with a typical precision of 1 ◦C. This low
deviation indicates the reliability of the pyrometer reading.f
In the simple situation discussed here, QMS and RHEED deliver complementary in-
formation about the coverage of a surface with adatoms. In the study of NW growth,
however, the diffraction pattern is always dominated by three-dimensional features, re-
gardless of the presence of adatoms on the sample. This is most problematic during het-
erostructure growth, which ideally creates no changes in the diffraction pattern. GaN and
eThe substrate is in the focal plane and a spot of 5 mm in the center of the 2′′ wafer is imaged. The difference
between the thermocouple temperature reading and the substrate temperature given by the pyrometer
could be more than ±150◦C, depending on the thermal gradient in the sample holder and parasitic ther-
movoltages at thermocouple interconnects in the vacuum chamber.
fThis pyrometer check procedure is not as precise as the measurement of the time to full desorption at a
constant temperature, [71] but can be integrated efficiently with the temperature ramp-up immediately
before GaN growth. In contrast to the typical standard deviation of 1 ◦C, a stark diffrence of 40 ◦C was
observed in MBE 8 in Aug. 2010 as a result of viewport obstruction by a Ga droplet.
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Figure 3.6: Illustration of the complementary in-situ techniques QMS and RHEED with the
routine pyrometer test. A 40 ML adlayer of Galiq is first evaporated onto Si(111)
by opening the Ga shutter for 104 s. The heater temperature is then raised at
25◦C/min. The QMS detects an increasing 69Ga desorption, until the adlayer is
consumed. Complete desorption is indicated by the drop of the QMS signal and
by the appearance of the 7× 7 reconstruction.
InxGa1−xN in NW heterostructures can not be distinguished by RHEED for two reasons:
First, the difference in diffraction pattern spacing is only in the order of 1 % (x ≈ 10 %).
Second, when the InxGa1−xN insertions are nm-sized, the elecron beam is diffracted from
both materials simultaneously. QMS, on the other hand, can be calibrated for any surface
morphology, and can separate In and Ga directly. Within the in-situ methods, the weight
is therefore shifted to QMS in this thesis.
3.3 Growth of GaN nanowires by molecular beam epitaxy
Crystal growth is a phase transition, and thermodynamics determines the driving force. [87]
A fully thermodynamic description is possible, however, only in special cases such as
the crystal growth from a stoichiometric melt. This kind of growth close to equilib-
rium condition is considered as technologically difficult for GaN, [88]g and impossible
gThe melting temperature of the nitrides is very high, about 2800 K for GaN. Considering the reaction of
synthesis of a metal nitride MeN, Me+ 12 N2 → MeN, the strength of the triple bond of the N2 molecule
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for InxGa1−xN within the miscibility gap. [87]h Contrarily, in MBE, growth occurs far from
thermodynamic equilibrium, and the description must contain kinetic effects. [91] Growth
models take into account the competing processes of adsorption, desorption, surface dif-
fusion, incorporation, and decomposition. A useful account of GaN growth by MBE is
given in the Nitride Semiconductor Handbook by Hadis Morkoç, Vol. 1, Sec. 3.4.2. [13]
The nucleation and growth of crystal films on a planar substrate is classically catego-
rized into three mechanisms: [92]
• atomic layer-by-layer growth of a bulk crystal, the Frank–van der Merwe (FM)
growth,
• the formation of three-dimensional island, known as ‘Volmer–Weber’ (VW) growth,
• and layer growth up to a critical thickness, followed by roughening and three-
dimensional island growth, the ‘Stranski–Krastanov’ (SK) mechanism.
These scenarios can be thermodynamically motivated, by considering the net energy dif-
ference of (i) crystallization from the vapor phase, (ii) the free surface energy of the ad-
layer and (iii) the interface energy of adlayer and substrate. [93] If the growing film is of
the same material as the substrate, or the interface energy is small compared to the sur-
face energy of the adlayer, FM growth can occur. In contrast, high interface energy on
a foreign substrate prevents wetting and leads to VW growth. In the event that a solid
film on a foreign substrate initially wets the surface, strain may build up with increasing
thickness, making further layer growth unfavorable, and thus leading to island growth
by the SK mechanism.
GaN is grown in MBE at temperatures between 600°C and 900°C, and with V/III flux
ratios close to unity. Up to now, device structures are grown almost exclusively in the
C-plane. GaN substrates for homoepitaxy remain forbiddingly small and expensive. The
typical choice of substrates is driven by cost, and has been evolving from silicon car-
bide via sapphire to silicon. [94] GaN growth on foreign substrates by MBE either leads
to a compact layer with a high defect density, or to a columnar structure with individual
nanowires. The nanowires possess a hexagonal cross section bounded by M-plane side
facets, and grow axially in the C-direction. Self-induced GaN NWs grown by plasma-
assisted MBE on an AlN buffer layer and on silicon were reported since 1997. [9,95] The
V/III flux ratio and the growth temperature define the planar or columnar growth. [96]
These regimes are shown in Fig. 3.7 for growth under a fixed supply of N from the plasma
source, ΦN = 6 nm/min. At very high temperatures, all of the impinging Ga atoms des-
orb, and no growth occurs. The desorption of Ga is thermally activated, and therefore the
required ΦGa to sustain any growth at all is an exponential function of the temperature.
In the regime just below this temperature, the remaining Ga atoms are few compared to
the N supply, and NWs are formed. This regime is characterized by a high V/III ratio. At
yet lower temperatures, the critical amount of Ga remains on the surface for the growth
of a compact layer. This regime is again defined by an exponential function governing
the desorption of Ga.
shifts the balance to the constituent side of the reaction at high temperatures. In other words, the nitrides
have a high decomposition N2 pressure, requiring 20 kbar for growth of GaN from the solution at 2000 K.
InN is even less stable. [88]
hThe InxGa1−xN alloy is thermodynamically unstable at high concentrations x and above a critical tem-
perature Tc, and may decompose with no energy barrier into GaN and InN. The exact location of the
miscibility gap has been discussed by Gerald B. Stringfellow. [89] As he also acknowledges, however,
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Figure 3.7: GaN growth diagram delimiting the compact and nanowire growth regimes as a
function of ΦGa and T for a fixed nitrogen supply ΦN = 6.0 nm/min. From Ref.
96.
The growth of self-induced GaN NWs on silicon can be described by two successive
regimes, that will be addressed in the following. The nucleation phase of GaN NWs
can be decribed in terms of thermodynamics. [97] During the later stage of NW growth,
sidewall diffusion of adatoms contributes to the NW elongation. [77,98] The classical ther-
modynamic growth models fall short of describing this behaviour, and instead, a kinetic
description is then required. [99]
3.3.1 GaN nucleation
Microscopic studies showed ex situ that the initial GaN nuclei are sperical cap-shaped
both on AlN [100] and on silicon [10,97] substrates. An example of the latter is shown at
the top of Fig. 3.8, reproduced from Ref. 97. In both cases, nucleation is followed by a
shape transition and axial growth. The growth mode of GaN on AlN was classified as
SK growth. [101] This assignment is justified in the sense that GaN can arguably form a
coherent interface on AlN, and the lateral dimension of a defect-free grain will be limited
by the epitaxial misfit strain. The mechanism for GaN nucleation on silicon is less clear,
because a SixNy interlayer is formed in PAMBE. [85,102–104] On the one hand, this inter-
layer transmits the crystal orientation of the substrate to the NW, [103] indicating the same
growth mechanism as on AlN.i (A comparison of the epitaxial alignment of GaN on both
infinitesimal compositional fluctuations will induce strain, which may stabilize the alloy against decom-
position. [90]
iThe epitaxial orientation relationship between the GaN NWs and the Si substrate requires that the sub-
strate is nitridated at high temperature, [105] and is lost even then when the SixNy becomes too thick. [103]
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Figure 3.8: Shapes of GaN islands on
SixNy, seen by HRTEM in two sam-
ples grown for 7 min (top) and 16
min (bottom). From Ref. 97.
Figure 3.9: Surface energy plot in 3D (a), in (0001) cross
section (b) and (112¯0) cross section (c). (d) and (e) show
Legendre transformations of (b) and (c), indicating the
equilibrium crystal shapes (green areas). From Ref.
114.
AlN and SixNy was experimentally obtained and is given in App. B.) On the other hand,
the SixNy interlayer is partially amorphous and poses a much weaker lattice constraint
on the GaN. [103] Hence, within the classical models, the nucleation of seed crystals for
NW growth on Si is best described as VW growth. [107,108]
GaN NWs were recently found to grow N-polar on Si, respectively SixNy. [109–111]j On
AlN, GaN growth follows the substrate polarity. Sergio Fernández-Garrido et al. re-
cently reported on GaN NW growth experiments on N-polar AlN, yielding N-polar self-
induced GaN NWs of similar morphology to those grown on Si. [113] On Ga-polar AlN,
however, a compact Ga-polar GaN layer was reported, and the few observed NWs were
attributed to locally occurring inversion. In short, self-induced GaN NWs grow N-polar.
No systematic study for GaN NWs is available. For InN NWs, M. Seibt reported a critical amorphous
layer thickness of 1.5 nm for the transmission of orientation information from the Si substrate to the
NWs. [106]
jThese recent reports on N-polarity of GaN NWs on Si used several independent methods: CBED, EELS,
resonant x-ray diffraction, and atomic resolution images from STEM. They are given precendence over
earlier reports on Ga-polarity. [59,112]
29
3 Growth and in-situ analysis of group-III-nitride nanowires
3.3.2 Thermodynamically driven faceting
For an early stage of growth, Consonni et al. hypothesize that GaN nuclei assume an
equilibrium shape that minimizes the free surface energy. [97] The authors report that this
behaviour is even more predictable during the growth on SixNy than on AlN, because
epitaxial strain is negligible on the amorphous interlayer and because the interface area
does not change during the shape transition. (In this way, the authors oppose the SK
interpretation with strain as the driving force to shape change.) This interpretation is
supported by the TEM image which is reproduced here in the bottom of Fig. 3.8. Another
report on GaN NWs which grew in perpendicular out-of-plane alignment on amorphous
SiO2 [10] confirms that the shape transition to NW growth does not require a lattice con-
straint.
The equilibrium shape of a crystal can be derived from geometric operations on the
surface energy plot, named after G. Wulff who first proposed it. Such a plot was created
by Jindal and Shahedipour-Sandvik for GaN nanostructures using surface energies from
a broken-bond model. [114] [The absolute (00.1) and (00.1¯) surface energies are difficult to
verify. [115]] Their Wulff-plot is reproduced here in Fig. 3.9(a), with cross sections in the
C-plane in (b) and in the A-plane in (c). The transformation predicting the equilibrium
shape is shown below. In Fig. 3.9(d), the green area corresponds the NW radial cross
section. In this interpretation, Fig. 3.9(e) finally shows an axial cross section through a
‘lying’ NW, with the C-axis and the M-plane side facets drawn horizontally. The impor-
tant conclusion is that, in equilibrium, both the (00.1) surface, the Ga-polar face, and the
(00.1¯) surface, the N-polar face, are flat. This is similar to the ‘standing’ NW shown in the
TEM image at the bottom of Fig. 3.8.
A detailed model of GaN NW nucleation was recently developed by Dubrovskii et al.,
who take into account a scaling growth anisotropy in addition to the anisotropy of the
surface energy. [108] Here, scaling growth means that the height h of an individual NW is
linear with a power of its radius r, h ∝ r2.46, with the exponent experimentally obtained
from SEM images. They achieve an analytic description of the critical nucleus size re-
quired for the transition from a sperical cap to a NW shape. Thereby, the view of GaN
NW nucleation as a two-step process composed of VW island nucleation and subsequent
NW facet development, as suggested by Fig. 3.8, is made physically plausible.
3.3.3 Nanowire elongation
Continued NW growth in MBE occurs under non-equilibrium conditions, and this has
consequences for the shape and dimensions of the NWs. First, facets at the top of the
NW are determined by the anisotropy in the growth rate. This is an important aspect for
this thesis, because axial heterostructures are analzed, and their interfaces preserve the
NW top facet shape at the time of growth. Second, the NW axial growth rate is diffusion-
limited. [77,98] Both the observed effects of the facetting and of the axial growth rate on the
heterostructure formation will be discussed in detail in Ch. 5.
The symmetry of the (00.1) and (00.1¯) facets of a GaN crystal, which is predicted under
equilibrium conditions in Fig. 3.9, is not generally observed in an experiment. Selective
area growth (SAG) on A-plane GaN substrates should yield GaN islands which, when
seen from above, correspond exactly to the cross section in Fig. 3.9(e). Fortunately, experi-
mental results from two very different growth techniques have become available recently
and are reproduced in Fig. 3.10. The images show that real GaN NWs can be expected
to form flat (00.1¯) top facets when growing N-polar, but terminate in semipolar-facetted
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(a) MOVPE-grown GaN, SAG
with SiO2 mask. From Ref.
114.
(b) MBE-grown GaN, SAG with Ti mask. The left image is a
magnification of the overview in the right image. The circle
marks the 150 nm mask opening. From Ref. 119.
Figure 3.10: SEM images of GaN crystals on A-plane GaN substrates. Literature data from
two different growth techniques are shown, MOVPE and MBE. In both experi-
ments, the GaN crystals were grown selectively in circular mask openings. Both
experiments agree in a flat (00.1¯) N-polar facet, and show pyramids with semipo-
lar facets on the opposite side of the crystal.
pyramids when growing Ga-polar. This is in agreement with the more usual reports on
the morphology of out-of-plane grown C-axis GaN NWs with Ga-polarity on MOVPE-
grown substrates, [116–118] and N-polarity in self-induced NWs on Si. [109–111]k The NWs
studied in this thesis grow N-polar on silicon with a SixNy interlayer, and hence flat top
facets are expected.
The axial growth of GaN NWs occurs by direct impingement of adatoms on the top
facet, and by impingement and diffusion on the sidewall. [77,98] In kinetic descriptions of
GaN growth, diffusion of N is not considered, because N adatoms are unstable against
desorption as N2 molecules. Impingement from the vapor on the sidewalls depends on
the incidence angle and on the shadowing by other NWs. [120,121] Since N does not diffuse,
the positioning of the plasma cell has a particularly strong effect on the NW morphol-
ogy. [122] Different from the concept of surface energies, which was employed to model
the nucleation phase, NW elongation results from differential sticking coefficients, [77] re-
spectively diffusion lengths, on the M- and C-planes. One consequence of adatom supply
to the top facet of the NW via sidewall diffusion is that thick NWs grow slower than thin
NWs: the sidewall capture area increases linearly with diameter, but the top facet area in-
creases with the square of the diameter. [98] For a quantitative analysis of the axial growth
rate of self-induced GaN NWs, the reader is directed to Ref. 99. Radial growth of the
GaN NWs is generally not completely suppressed, and can be fed by atoms impinging
on the sidewalls, if their diffusion length does not permit incorporation on the top facet.
A scaling growth anisotropy is derived for the relation of axial and radial growth by
Dubrovskii et al. in Ref. 123.
The heights of individual GaN NWs in an ensemble fluctuate for two reasons: First,
nucleation is a statistical process, [124] and individual GaN islands can continue to nucle-
ate while others have transformed into NWs and grow axially. Second, the growth rate of
individual NWs may differ because of variations in their geometry or their surroundings.
An overview of the statistical fluctuations encountered in the experimental work for this
kWhile the top facet morphology of GaN NWs is a valuable indication for the crystal polarity, it must
be noted that the oblique facets in Ga-polar GaN are observed only when the growth temperature is
sufficiently high, and this morphological criterion must be used cautiously. [113]
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thesis will be given in Sec. 4.1. It has recently been found by Sabelfeld et al. that the high
density of typical self-induced GaN NWs gives rise to cooperative phenomena. [125] Their
conclusion is of potential significance for future experimental work: the height distribu-
tion of self-induced NWs becomes progressively narrow over time.
3.4 Growth of GaN nanowires on amorphous substrates with
metal interlayer
As presented above, the starting point of GaN NW growth can be coherent SK growth,
or nucleation under a weak lattice constraint, or on an amorphous substrate. These cases
were studied for GaN NW growth on AlN and Si, both requiring a crystal wafer, and on
amorphous SiO2. The question arises, if the absence of a lattice constraint, which makes
NW fabrication unique compared to other semiconductor structures, can be exploited for
the growth of GaN NWs on even more substrates. Growth on subtrates other than single
crystals could make GaN NWs more cost-effective and better scalable than planar GaN
grown epitaxially. From a growth perspective, the choice of an alternative substrate is
guided by three criteria. The material must
• withstand the GaN NW growth temperature of 800 ◦C for at least one hour. The
substrate should not degrade or react chemically with GaN.
• be UHV-clean, i. e. not release contaminants into the vacuum chamber. Integration
of foreign atoms from the substrate into the growing semiconductor could have
undesired effects, such as a reduced carrier lifetime.
• possess a flat surface to allow device integration by planarization. The permissible
roughness is defined by the length of the NW segment which makes the top contact.
For the devices presented in this thesis, that would impose a limit to the roughness
below 100 nm. The requirement to align the NWs in parallel poses an additional
limit on the local curvature.
Other aspects of substrate selection, such as conductivity, transparency, reliability, system
cost, toxicity, and so on, are out of the realm of crystal growth. For the simple GaN NW
LED process used in this thesis (see Sec. 2.4), a conductive substrate is required, but post-
growth removal of the substrate and subsequent contacting of the NWs is also feasible. [60]
The temperature requirement limits the choices of substrate materials to ceramics, sil-
ica glass, stainless steels, Ni alloys, and high-melting-point metals, including Ti, Mo, and
W. [126] Stainless steels are not UHV-clean at GaN growth temperatures. An approach
recently demonstrated by Samsung Electronics uses silica glass with a Ti interlayer as
a substrate for GaN growth. [127] This has several benefits for LED device integration:
The polished glass surface is sufficiently flat for device processing, and the metal film
serves both as a mirror and as a good ohmic back contact [128] and electrode. The metal
film is also helpful from a growth perspective: Sputtered Ti crystallizes as h.c.p. α-Ti
(space group P63/mmc, no. 194). On silica glass, α-Ti can be grown preferentially in the
close-packed (0001) plane, [129] with a narrow distribution in the out-of-plane alignment
of the grains (tilt). Explanations of this phenomenon have been sought in the low sur-
face energy of the close-packed plane, [130,131] similar to the cause for GaN NW formation
hypothesized in Sec. 3.3.2. Choi et al. reported that the low-temperature GaN nucleation
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layer, which is typically grown in MOVPE, [3] grows epitaxially on Ti and inherits the low
tilt. [127]
A Ti film on another carrier as a substrate for NWs would be suitable for the inte-
gration of a NW LED device, and this approach was followed also in this thesis. The
possible benefits of NW LED devices over planar devices in terms of strain relaxation,
defect reduction, In incorporation and outcoupling of light would remain regardless of
the substrate. The purpose of this section is to show how self-induced GaN NWs grow
on Ti in PAMBE.
3.4.1 Epitaxial growth of GaN on Ti interlayer
A series of self-induced GaN NW growth experiments was conducted on Ti metal films
(series 30). Using a DC magnetron, 1 µm of Ti was sputtered onto three types of sub-
strates. One sample was grown on C-plane Al2O3, referred to herein as the ‘sapphire’
sample. To study the behaviour of Ti on amorphous substrates, experiments were also
conducted on a Si(111) wafer with 100 nm of thermal oxide, the ‘oxide’ sample, and on
silica glass, the ‘glass’ sample. A summary of the experimental steps for the three sam-
ples discussed here is given in Table 3.1. A comprehensive list of growth parameters is
found in App. A.
Table 3.1: Preparation of samples with self-induced GaN NWs on Ti interlayer (series 30).
1 µm of Ti was sputtered onto each substrate using a DC magnetron.
sample
alias
substrate
for Ti film
nitridation
and annealing
GaN growth MQW
growth
sapphire C-plane Al2O3 T-ramp 850..760◦C in 2 h
under Ga and N flux
nucl. observed at 760◦C,
then 90 min growth
no
glass silica glass 30 min annealing and
30 min nitridation at 760◦C
90 min growth no
oxide 100 nm thermal
SiOx on Si(111)
(no waiting time) 90 min growth at 760◦C yes
The GaN growth on Ti was monitored in-situ using RHEED. In the experiment with
the sapphire sample, which is described first, the substrate was heated to about 850 ◦C
within 20 min, and a streaky pattern was observed in RHEED, indicating a flat surface.l
Ga and N fluxes ΦN = 13 nm/min and ΦGa = 2.4 nm/min were then supplied to the
substrate. From reference experiments conducted on Si(111) wafers, the source flux ra-
tio V/III = 5 is known to result in GaN NWs. Immediately after opening the shutters,
the spotty RHEED pattern shown to the left in Fig. 3.11(a) was observed. The correla-
tion of this change with the N shutter opening, and the spacing D allow to associate
this spotty pattern with f.c.c. δ-TiN in the (111) plane (metallic-yellow osbornite, space
group Fm3¯m, no. 225). Ti is known to be very reactive, forming TiN even under N2 atmo-
sphere at temperatures as low as 700 ◦C, [133] and nitridating at low temperatures under
N plasma. [134,135] This cubic δ-TiN possesses a low tilt as indicated by the absence of con-
centric rings, and low twist as evinced by the absence of diffraction spots belonging to the
lThe pyrometer reading is calibrated for Si with an emissivity of 0.7. The emissivity of Ti has been reported
around 0.6, [132] and the pyrometer reading hence underestimates the surface temperature.
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’wide-spaced’ azimuth. [Prototypes of RHEED patterns from cubic and hexagonal crys-
tals were shown in Fig. 3.4(c).] At about 850 ◦C no GaN nucleation was observed, and the
substrate temperature was slowly reduced unter continuous Ga and N flux. After two
hours, at about 760 ◦C, additional GaN reflections indicated GaN nucleation. GaN NWs
were grown for another 90 min, and the final RHEED pattern of GaN NWs is shown to
the right in Fig. 3.11(a). This clear pattern [matching the prototype in Fig. 3.4(b)], and
especially the absence of reflections in the ‘wide-spaced’ azimuth indicates an excellent
epitaxial alignment of the NWs. The epitaxial relationship GaN[11¯00] ‖ δ-TiN[112¯], and
GaN[112¯0] ‖ δ-TiN[11¯0], as indicated by the coordinate systems in Fig. 3.11, has already
been reported for magnetron sputtered TiN films on GaN. [128,136,137] In the present exper-
iment, the crystallographic alignment between individual GaN NWs necessitates that the
Ti film itself is grown epitaxially on Al2O3 in magnetron sputtering.m To summarize, the
epitaxial relationship of GaN and Ti was clearly seen in the sapphire sample.
DD
λL
D = d0002 =
c
2
0001
1¯1
0
111
112¯
(b) GaN NW / Ti / thermal Si oxide
11¯00
1¯1¯20
(a) GaN NW / Ti / Al2O3 (sapphire)
λL
D = d111 =
a√
3
a = 4.241A˚
δ-TiN
c = 5.185A˚
h-GaN
Figure 3.11: RHEED patterns in the ‘narrow-spaced’ azimuth, recorded immediately after
shutter opening (left-hand column) and after 90 min GaN growth (right-hand
column). (a) sapphire sample, first giving evidence of (111) δ-TiN, and then
of epitaxially aligned GaN NWs. (b) oxide sample, showing first a (111) cubic
phase with high tilt and twist, and then reflections of GaN NWs, also with high
misorientation. The main text explains that the cubic pattern in (b) can originate
from δ-TiN, or TiO, or a mixture of both.
Using the same Ga and N fluxes as for the sapphire sample, analogous experiments
were carried out on the glass and oxide samples. The RHEED evolution during the
growth of the latter will be discussed now. The Ga and N shutters were opened at a
stable substrate temperature of about 760 ◦C. The first RHEED pattern in Fig. 3.11(b) was
recorded 4 min after shutter opening, indicating the presence of islands of a cubic phase
with significant tilt (The diffraction spots are elongated to circles, cf. Fig. 3.3(b)) and twist
(superposition of ’narrow’ and ’wide’ patterns). In this experiment, the appearance of the
mThe pattern in Fig. 3.11(a) was recorded with the flat on the sapphire wafer facing the RHEED screen,
indicating a {112¯0}-azimuth. The same crystallographic orientation is later taken on by the GaN NWs.
This would not happen without the Ti interlayer, as GaN normally grows on C-plane sapphire rotated
by 30°. [3]
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cubic phase did not coincide with the N shutter opening. As will be seen later by XRD,
the cubic RHEED pattern likely stems from TiN or TiO, or a mixture of both. Again, GaN
NWs were grown for 90 min, leading to the RHEED pattern on the right-hand side of
Fig. 3.11(b). The partial distribution of reflection intensity on rings indicates that the tilt
of the GaN NWs is almost random. Concurrent reflections of the ‘narrow’ and ‘wide’
azimuths indicate a high twist. This spread in orientation is either due to GaN growth
on a rough surface, or to poorly oriented Ti on Si oxide. RHEED patterns observed from
the glass sample were similar to the oxide sample, but due to cracks and bowing of indi-
vidual flakes, the origin of the ring pattern can not be traced to growth-induced crystal
tilt.
SEM images of the three samples are compared in Fig. 3.12. The GaN NWs appear
white in the SEM images of the sapphire sample in Fig. 3.12(a). The density is only about
109 cm−2, compared to typically 1010 cm−2 on Si. [12] (It is higher around particle-like sur-
face defects, data not shown). The NW diameter is below 50 nm, and no systematic ta-
pering is visible. The NW growth axis is equal to the crystallographic C-axis, as is known
from GaN NW growth on Si and indicated by the vertical alignment of (i) the NW axis
in the SEM image, and (ii) the C-axis in the RHEED pattern. The low tilt of the NWs on
the sapphire sample is confirmed. The glass and oxide samples are shown in Figs. 3.12(b)
and (c), respectively. For both samples, the overview images on the left show that the
NWs grow in domains of different density and average orientation. These domains are
possibly defined by the initial α-Ti grain structure after sputtering. Within any one grain,
the NW growth axis is subject to some random tilt, as can be seen in the detail images
on the right. In some grains, an oblique NW orientation is preferred on average, which
stands in contrast to growth on Si and on amorphous SiO2, [10] and indicates a strong epi-
taxial relationship to the substrate. The SEM observation of strong tilt between grains is
in agreement with the circular RHEED pattern in Fig. 3.11(b). In the detail image of a do-
main with a high NW density on the oxide sample, the NW density is about 2× 109 cm−2,
higher than on the sapphire sample. It can be summarized that GaN NWs have grown
on all three samples with Ti films, and that the size and shape of individual NWs is sim-
ilar to those grown on Si. Between the samples, the NW orientation and density vary
strongly. Since RHEED showed no evidence of GaN growth other than in C-direction, it
can be concluded that the spread in GaN NW orientation reflects the spread in the C-axis
of the grains in the Ti film. This means that the growth of Ti during sputtering on Si oxide
is more disordered than on Al2O3.
X-ray diffraction scans of an as-grown Ti film on silica glass and of the sapphire and
oxide samples after NW growth are compared in Fig. 3.13. The diffraction peaks are
indexed by the phase and plane using the AtomWork Inorganic Material Database. [138] The
assignment is tentative, but sufficiently precise for the study of GaN NW growth. X-ray
diffraction of the as-grown α-Ti film as sputtered on glass confirms the preferential (0001)
growth on an amorphous substrate. (The XRD peak is about 0.2◦ off the literature value,
indicating a residual compressive out-of-plane strain of about 0.4 %, the origin of which
is unknown.) The absence of the α-Ti(0002) peak in the diffraction patterns of both the
sapphire and the oxide samples indicates that the Ti film is consumed by nitridation and
reaction with the substrate. Before the GaN growth on Ti is analyzed further, the reaction
nAt the tips of the NWs in the oxide sample, steps are visible in the sidewalls. These steps are an effect
of the InxGa1−xN MQW growth, to be discussed in detail in Sec. 5.3.3. The growth of the MQW region
was performed at only about 620 ◦C, giving rise to some parasitic InxGa1−xN and GaN growth in areas
where no NWs had nucleated.
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(a) Al2O3 substrate (sapphire sample). Low-density GaN NWs (white) grow perpendicular to
the substrate. (right image: bird’s-eye view)
(b) Silica glass substrate (glass sample). NWs grow in domains with different average orientation
and density. The dark lines in the overview image are cracks in the Ti film. (right image:
cross-section)
(c) SiOx substrate (oxide sample).n The substrate grain structure and NW orientation are similar
to (b). High NW density is observed in some grains on this sample.
Figure 3.12: SEM images of GaN grown on magnetron sputtered Ti layers on different sub-
strates. The images are in plan view except where indicated. The data were
acquired by A.-K. Bluhm.
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Figure 3.13: XRD profiles of Ti films as sputtered on glass, and after GaN NW growth and
reaction with two different substrates: Al2O3 and thermal Si oxide on Si(111).
paths leading to Ti consumption will be summarized.
Based on the identified phases and literature reports, the following reactions have oc-
curred:
Nitridation Ti and N form δ-TiN and ε-Ti2N.[139] The RHEED pattern prior to GaN
growth on the sapphire sample was assigned to δ-TiN(111), and this crystal is also
prominent in the XRD profiles. ε-Ti2N may also be present.
Oxidation In all three studied samples, Ti reduces the substrate and oxidizes. Which
oxides form, seems to depend on the amount of available oxygen and the tempera-
ture profile of the experiment. In the order of increasing O content, Ti2O, TiO, and
TiO2 are formed, the latter in the polymorphs rutile and anatase. The Ti-rich (in-
termediate) oxides are known to form in the reaction with Al2O3.[140] Initially, α-Ti
can incorporate O in the octahedral voids, forming Ti2O (hexagonal, space group
P-3ml, no. 164). [141] This may explain the Ti2O(0002) peak in the sapphire sample,
where the RHEED data led to the conclusion that the α-Ti film was highly oriented.
The other Ti-rich oxide, f.c.c. TiO (Titanium(II) oxide, metallic-yellow, space group
no. 225), is also present in the samples where Ti reacted with SiO2. [142] The sapphire
sample XRD profile is dominated by the TiO(111) peak, close to δ-TiN(111). O was
in fact detected ex situ on the sapphire sample surface by EDX (data not shown).
Continued supply of O results in more stable TiO2 (Titanium(IV) oxide, rutile and
anatase modifications) in the glass sample (data not shown).
Reaction with metallic Al The reaction of Ti with Al2O3 releases metallic Al, [140] which
was detected by EDX on the sapphire sample surface (data not shown) and may
have led to the formation of Ti2AlN.
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Silicidation Ti silicides [metastable C49 TiSi2 (ZrSi2-type) and C54 TiSi2] are formed
where SiO2 is decomposed by Ti. [133] In the oxide sample, high-temperature silici-
dation occurred, and XRD shows the thermodynamically stable C54 TiSi2 in two
orientations.
Metallic α-Ti is hardly detected any more by XRD after the NW growth, and RHEED
reflections of α-Ti (hexagonal pattern) were not observed prior to GaN growth. Thus, the
Ti film reacts heavily, and the reactions start before GaN growth. It is not obvious, which
of the reaction products of Ti forms the base for GaN NW nucleation. The cubic RHEED
pattern from the sapphire sample in Fig. 3.11(a) is identified as δ-TiN(111) because of
its appearance together with the N shutter opening. The epitaxial interface of TiN and
GaN has been achieved even by sputtering TiN onto GaN at room temperature, [136] and
TiN is therefore a likely candidate as a substrate surface for GaN growth. The in-plane
misfit is dGaN11¯00 /3d
TiN
224¯ = 6.3 %. Based on the present data, however, this is not the only
possibility. TiO(111) is also present in the samples, and has the same crystal structure
and diffraction pattern, and very similar spacing as δ-TiN(111), as is depicted by the
neighboring peaks in the XRD profile of the sapphire sample. Both are metallic-yellow in
appearance and can not be distinguished by eye, either. In the oxide sample in particular,
where the appearance of the cubic RHEED pattern [Fig. 3.11(b)] was not correlated with
the N supply, it is possible that TiO(111) coexists with δ-TiN(111) at the surface, [133] and
that it takes part in GaN NW nucleation. The misfit is dGaN11¯00 /3d
TiO
224¯ = 7.9 %.
Arguments exist both to support and to refute the possibility of the coexistence of δ-
TiN(111) and TiO(111) on the sample surface when GaN nucleates. Speculatively, if GaN
NWs grow epitaxially on TiO{111}, this would explain the misalignment of the GaN NWs
in domains, that was seen in the SEM image of the oxide sample to the right of Fig. 3.12(c).
In this sample, the out-of-plane XRD scan detected TiO(200) grains, whose {111} facets
are, of course, 54◦ inclined from the surface normal. (The good epitaxial alignment of
the NWs, shown by RHEED in the sapphire sample, would not contradict this assump-
tion, because according to RHEED and XRD, TiO(111) must be very well aligned here, if
present at the surface.) Contrary to the assumption of TiO on the surface is the simple
second argument: N is continuously supplied from the top, and O from the bottom of
the 1 µm Ti layer, but only until the 100 nm SiO2 are consumed. It will take time for O
to diffuse to the sample surface. In a nitridation study of Ti on Si oxide, Morgan et al.
detected an “increasing replacement with depth of N by O atoms at substitutional sites
in the TiN lattice.” [133] If GaN growth commences early enough, it may occur entirely on
δ-TiN(111).
TiSi2 formation should not influence the GaN nucleation at the surface, because TiN
rather than Si3N4 is the stable nitride. In the presence of N plasma, TiN should always
form on top of TiSi2. [133] Therefore, TiSi2 is likely present at the substrate interface, but
not at the surface.
In the case of the glass sample, the reaction of the Ti film with the substrate led to the
formation of voids, cracks, bowing of individual flakes, and a partial delamination of the
film and loss into the MBE chamber (images not shown). This did not occur in the oxide
sample, probably due to the limited amount of O contained therein.
The findings of this section on the growth of GaN on Ti can be summarized as follows:
• GaN grows epitaxially on Ti. The orientation relationship is stricter than on Si(111),
indicating a higher lattice constraint.
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• The nucleation density of GaN NWs likely varies for Ti grains of different crystal-
lographic orientation.
• GaN growth on Ti is likely mediated by δ-TiN(111) or TiO(111), given that a cu-
bic phase at the surface precedes NW nucleation. It can be noted that, in constrast
to SixNy, both are good conductors and would not limit NW LED device perfor-
mance. [137,143]
• In the sapphire sample, the surface likely contains more δ-TiN(111) than TiO(111).
This is based on the evidence for Ti nitridation by RHEED and on the study by
Morgan et al.
• For parallel NW device integration by planarization of NW ensembles, a highly
(0001) oriented Ti film is required, respectively (111) oriented TiN or TiO.
A difficulty in interpreting the experiments presented in this section was the reaction
of Ti with the sapphire and Si oxide substrates. An obvious remedy would be a less
reactive metal, as a substrate for the NWs or as diffusion barrier between Ti and the
substrate. One candidate is Mo, which is stable over SiO2 up to 1000 ◦C. [142] The challenge
of achieving a highly oriented texture in the Ti film prior to GaN growth, in order to
obtain perpendicularly aligned NWs, remains regardless of the substrate reactions.
3.4.2 GaN nucleation on Ti interlayer
The nucleation density of GaN NWs on Ti was about 1× 109 cm−2 on the sapphire sample
(Fig. 3.12(a), left image) and about 2× 109 cm−2 on a densily populated grain of the oxide
sample (Fig. 3.12(c), right image). Typical NW densities for self-induced growth on Si
are higher by a factor of ten. [12] Ti and Mo are used as mask materials in selective area
growth (SAG), [61,144] which means that they do not favor GaN nucleation. This raises the
question, how a high NW nucleation density can be achieved.
With the present experimental data the low NW nucleation density on Ti films com-
pared to that on Si wafers on the one hand, and the difference in density between the
sapphire and the oxide samples on the other hand, cannot be explained. Nevertheless,
two possible reasons shall be stated:
• The nucleation density may be dictated by the surface diffusion length of Ga ad-
atoms, which is also an important factor in SAG. [145] (More sophisticated descrip-
tions of SAG involve the concept of incubation times on different surfaces, [146]
which also includes different desorption rates.)
• The different sample surfaces may favor N-polar and Ga-polar GaN growth to a
different degree. As was discussed in Sec. 3.3.1, self-induced NWs grow N-polar,
and compete with the growth of a compact Ga-polar layer if the substrate demands
both. [113]
The diffusion length of GaN on Ti and TiN can in principle be obtained from SAG experi-
ments with a Ti mask on a GaN substrate. Such experiments have been reported, and NW
spacings were in the order of 300 nm. [144,147] In contrast, on Si, typical NW distances are
below 100 nm, leading to coalescence. [12] Explaining the observed low nucleation den-
sities in the present examples solely in terms of high Ga diffusion lengths and random
39
3 Growth and in-situ analysis of group-III-nitride nanowires
nucleation on TiN, however, neglects the evidence from XRD for a possible co-existence
of TiN and TiO on the sample surface.
The second possible reason for differences in NW density my be GaN growth in do-
mains of different polarity. As was introduced in Sec. 3.3.3, self-induced GaN NWs grow
N-polar. They are characterized by flat C-plane top facets, as is visible in Fig. 3.12(c). Ser-
gio Fernández-Garrido has shown instructively in Ref. 113 that a high density of N-polar
NWs is achieved if the substrate interface favors N-polar GaN growth. In agreement with
an earlier publication by K. Bertness et al. [77] he showed that, if the substrate favors Ga-
polar GaN growth, a facetted GaN layer results from which N-polar NWs protrude only
where inversion domains occur. The facetted Ga-polar GaN layer is less stable against
thermal decomposition than the N-polar NWs, and its absolute thickness varies with
growth temperature. The cross-section SEM image of the glass sample in Fig. 3.12(b)
bears indeed some resemblance with the reports of K. Bertness et al. [77] [their Fig. 2(d)]
and S. Fernández-Garrido et al. [113] [their Fig. 2(c)]. The interpretation is that most of the
substrate surface promotes Ga-polar GaN growth, which does not lead to NWs of a high
aspect ratio. In some small inversion domains, N-polar NWs nucleate and grow long and
thin.
The interpretation of NW nucleation in limited domains of N-polar growth has another
benefit, which was poined out by Sergio Fernández-Garrido: it readily explains the low
degree of coalescence which is displayed by the NWs grown on the Ti interlayer, com-
pared to all-N-polar growth on Si. This is true even for the relatively high NW density
shown in Fig. 3.12(c) compared to, for example, typical self-induced GaN NWs on Si in
Fig. B.2(c) (p. 135).
Whereas the polar GaN crystal is always Ga-terminated on (0001) and N-terminated
on (0001¯), the cubic δ-TiN and TiO (of the m3m class) possess a center of symmetry and
are unpolar. [148] This raises the question, if Ga- or N-polarity is preferred in GaN growth
on these surfaces, and if a variation in NW nucleation density can be explained. For
TiN(111), the epitaxial relation and atomically smooth interface with C-plane GaN are
known from HRTEM studies, [136] but the interface chemistry has not been proven so far.
In TiN and TiO, in the 〈111〉 directions, atomic layers are stacked which contain only
Ti atoms or only nonmetal atoms. Any {111} surface may therefore be Ti- or nonmetal-
terminated. Under continous supply of N adatoms, as in the present experiments, and
considering that significant TiN formation occurs, as shown by XRD, it is presumed that
the TiN surface is N-terminated. One could make a simple assumption by taking all
bonds as cation-anion bonds, as has been done for AlN and TiN, which were supposed
to form Al-N(TiN) bonds by Chen et al. [149] In this picture of all-ionic bonds, the N in
the {111} surface of TiN has three Ti neighbors, making it plausible that only one Ga-
N(TiN) bond is formed. In this case, GaN would grow N-polar on TiN. However, this
picture is too simple. Whereas the bonding in GaN is highly ionic, TiN and TiO are both
highly conductive and therefore show metallic bonding. Blaha et al. have calculated the
valence electron densities around the nonmetal atoms in TiN and TiO. [143] They found
the electron density to be spherically symmetric around the nonmetal atom, and to show
increasing localization from TiN to TiO. A theoretical treatment of the GaN interface to
the cubic Ti compounds is missing so far. The simple picture of ionic bonds at the inter-
face may be over-stressed. If it can be used at all, then GaN is more likely to grow N-polar
on TiO than on TiN, because TiO has a more ionic bond character.
One of the initial questions in this section was the difference in NW density between
the sapphire and oxide samples. This question can be restated as to what causes a higher
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density of inversion domains, where N-polar GaN growth is favored, in the oxide sample.
The available experimental evidence was expended even before the above speculations
about the GaN-TiN/TiO interface chemistry, and any further conclusion is necessarily a
guess. Nevertheless, the possibility shall be pointed out: Let us remember the evidence
for TiO formation, which was obtained from XRD in the last section. Even though it is
plausible that the surface is dominated by TiN, TiO may coexist, and the distribution may
be reflected in the polarity of GaN growth. In this interpretation, N-polar GaN NWs grow
in TiO surface domains. This is in accord with the low density of NWs on the sapphire
sample, and with the domains of inclined NWs and TiO(200) detection in XRD on the
oxide sample.
3.4.3 Perspectives of Ti as an alternative substrate
To assess the optical quality of the GaN NWs grown a Ti film, PL data from the sapphire
sample is shown in Fig. 3.14 in comparison to the luminescence from GaN NWs on Si. In
the presence of crystal defects that are detrimental to the operation of an optoelectronic
device, the PL spectra would reveal deviations of excitonic transitions. The room tem-
perature PL shown in Fig. 3.14(a) shows only the free exciton transition at 3.4 eV. Defect
luminescence, which is common in GaN at around 2.2 eV (yellow luminescence), is en-
tirely absent from both samples. At 10 K, both spectra are dominated by the donor-bound
exciton (D0X), and the width of this line is as low as 1 meV. The free exciton (FX) transition
is discernible in the shoulder. The luminescence from stacking faults (SF) is two orders
of magnitude less intense than the excitonic emission. These results show that GaN NWs
were grown on the Ti film with excellent crystal quality.
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Figure 3.14: Comparison of PL data from GaN NWs grown on Ti (sapphire sample) and
a reference sample of GaN NWs grown on Si. The data was acquired by
C. Hauswald.
At this point, a first achievement of this thesis can be concluded. The growth of GaN
nanowires on a metal film by MBE has been shown for the first time, with a crystal quality
suitable for optoelectronic devices. The preliminary study revealed that GaN NWs grow
epitaxially on Ti. In contrast to the growth on Si, the interface is expected to be highly
conductive. The fabrication of a GaN nanowire LED device with the Ti film serving as
an n-contact, with planarization and p-contacting according to Sec. 2.4 seems straightfor-
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ward. One can imagine the possibility of nanowire synthesis on a metal surface to have
a far-reaching impact on GaN-based LED device technology: single-crystal substrates
could become obsolete, and the vacuum chamber for epitaxial growth could be designed
around the application—not around the substrate wafer.
A lot of questions remain unanswered. From the physics of growth perspective, the
nature of the interface between GaN and Ti is unclear. δ-TiN and, in particular, TiO were
identified as likely candidates. This could be made more plausible by comparing ab-initio
DFT calculations of the interface configurations. From the technological perspective, the
epitaxial growth of GaN requests a highly C-plane oriented Ti film, even though it need
not be single crystalline. Also, a carrier material for the Ti film that is suitable for MBE
growth has yet to be found.
More materials, including other metal films as a growth surface, may be suitable for
GaN growth. An unexpected result of this preliminary study is that TiN or TiO films,
which can also be obtained by direct sputtering, are themselves candidates for an alter-
native substrate for GaN NWs.
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investigation of nanowire ensembles
The development of controlled growth procedures for nanometer-sized semiconductor
crystals requires reliable structural characterization techniques. The parameters of inter-
est for one crystal are the defect density, the crystallite dimensions and the alloy com-
position. In technologically relevant epitaxial heterostructures, two different crystals are
chemically bonded at their interface. This introduces two additional parameters: the
crystallographic arrangement of the interface and the strain arising in coherently grown
crystals with deviating stress-free lattice parameters.
In this work, a unique challenge is the fluctuation in dimensions, composition and
strain, that is typical for InxGa1−xN/GaN heterostructures in self-induced GaN NWs.
The diameter and axial growth rate of the NWs, and hence the InxGa1−xN dimensions
and its average strain vary statistically from one NW to another. This rules out mi-
croscopy as a quantitative tool. Even though SEM and TEM are indispensable for our
qualitative understanding of the NW morphology, the in-depth characterization of in-
dividual NWs and quantum wells can not quantitatively explain the behaviour of the
NW ensemble as a whole. Volume probing techniques have to be employed. Then,
the nanoscale dimensions of the InxGa1−xN insertions pose another challenge: the lo-
cal strain at the heterointerface relaxes toward the surface, and this intrinsic variation
in strain must be separated from the statistic fluctuation between NWs. Nanowires and
NW heterostructures can not be analyzed by standard semiconductor characterization
methods without redeveloping their interpretation. Research to this end within PDI was
inspired by the experimental work for this thesis and carried out in parallel. The result-
ing techniques presented in this chapter are essential for the subsequent discussion of
NW growth, morphology and properties.
Two primary methods are used in this work for the structural characterization of the
InxGa1−xN/GaN NW ensembles. The first, x-ray diffraction (XRD), saw the one-hun-
dredth anniversary of its application to the study of crystals last year. [150] Nevertheless,
the inhomogeneity of size, strain and composition, which is characteristic for InxGa1−xN/
GaN NWs, required the development of specific strategies for the interpretation of x-ray
diffraction on such structures. The results of that work will be summarized here. The
second characterization technique for strain and composition of the NWs is Raman spec-
troscopy. Changes both in strain [151] and in composition [152,153] induce a spectral shift,
and the understanding of strain in the NW heterostructures is equally important for the
interpretation of Raman spectroscopy as it is for x-ray diffraction.
4.1 Statistical fluctuation of self-induced nanowire morphology
GaN NWs grown self-induced on Si(111) by MBE exhibit random fluctuations in size and
orientation. This is illustrated by the STEM image in z-contrast in Fig. 4.1(a). The relevant
dimensions are highlighted in Fig. 4.1(b): The length of an individual NW depends on
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(a) STEM HAADF (z-contrast) image of self-
induced GaN NWs with four InxGa1−xN
MQWs on Si(111), exhibiting structural
fluctuations. The data was acquired by
A. Trampert.
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Figure 4.1: InxGa1−xN/GaN NWs grown self-induced by MBE: fluctuations in diameter,
length, QW thickness and spacing, and tilt.
the growth time after its nucleation. If NWs continue to nucleate for some time until the
substrate is completely shadowed, the NWs will display a dispersion in diameter and
length. The epitaxial orientation to the substrate is not perfect, and the tilt of the NWs
leads to additional deviations in NW diameter by coalescence. [155] The axial growth rate
of GaN NWs is related to their diameters: thinner NWs grow faster. [98] This in turn leads
to a variation σd in QW thickness and spacing from one NW to another. In addition, there
may be other variations that cannot be seen in Fig. 4.1: The composition of the InxGa1−xN
QWs can vary by σx on a local scale, within a NW, or from NW to NW. Finally, the NWs
exhibit a significant in-plane twist, [156] which is of little importance for this work.
The fluctuations in the InxGa1−xN MQWs in self-induced GaN NWs must be under-
stood in order to relate their optical properties to their structure and eventually develop
any device. The most immediate visualization of the impact that structural fluctuations
have, are PL maps of NW ensembles, also referred to as ‘fluorescence microscopy’. [158]
Such an image is shown in Fig. 4.2. The diffraction-limited spots of different color and
brightness indicate that the InxGa1−xN QWs vary strongly from one to another. Equally
large variations in ensemble PL of such samples are known from literature. [159,160]
To show the magnitude of the structural fluctuations at this point, the values are sum-
marized in Table 4.1. Length and diameter fluctuations in NW ensembles can be obtained
from SEM and TEM. Tilt and twist can be obtained directly from the width of x-ray rock-
ing curves. Data for these fluctuations are given in App. B. These variations in the NW
samples used in this study are typical for NWs obtained by self-induced growth and
agree with literature reports. For the fluctuation in MQW spacing, no reference data is
available. In this work σd was obtained from the simulation of XRD profiles, as will be
treated in detail now in section 4.2. The assessment of compositional fluctuation σx in
the InxGa1−xN QWs by Raman spectroscopy goes beyond the strain analysis and will
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5 µm
Figure 4.2: Room temperature photolumines-
cence micrograph of an InxGa1−xN/GaN
NW ensemble as-grown on one wafer.
The InxGa1−xN was selectively excited at
2.54 eV, and the emission was collected by a
monochrome CCD camera through a green-
yellow and an orange-red band pass filter.
These data are superimposed to form the
pseudocolor image. [157] The data was ac-
quired by S. De, Indian Institute of Technol-
ogy Bombay, Mumbai.
be discussed in Sec. 5.5.3. No previous analysis of σx in NW MQWs is available. Nom-
inally uniform InxGa1−xN NWs have recently been investigated by TEM [161] and using
x-ray fluorescence spectroscopy at the European Synchrotron Radiation Facility. [162] The
published results indicate a significant gradient along the NW axis, but these techniques
cannot resolve the QW length scale.
4.2 Simulation of x-ray diffraction profiles for fluctuating layer
thicknesses
The standard technique to characterize layer thicknesses and compositions in conven-
tional planar superlattices is high-resolution x-ray diffraction and simulation.a The lattice
parameters of stress-free InN are 10 % larger than those of GaN. For practical purposes,
the lattice parameters of the InxGa1−xN alloy change linearly with composition, an ob-
servation that is referred to as Vegard’s law. [163] X-ray diffraction measures the lattice
parameter, and the composition can be directly inferred. Symmetric Bragg ω-2θ scans
yield information about the out-of-plane lattice spacing. In ideal fully strained planar
films, the in-plane lattice is defined by the substrate, and therefore a sample is fully char-
acterized by symmetric scans. In bottom-up grown NWs the strain state is more com-
plex, the in-plane lattice spacing has to be determined, and much less work has been
published than for planar films. Three previous reports used synchrotron radiation. A
lateral relaxation in axial NW superlattices was shown for Si/Ge NW heterostructures by
Hanke et al. [164] Using grazing-incidence x-ray diffraction, the non-uniform radial strain
distribution was analyzed for InAs/InP1−xAsx NW heterostructures by Eymery et al. [165]
In-situ-XRD during the growth of GaN/AlN NW superlattices was employed by Landré
et al. to show the progressive relaxation with increasing MQW stack height. [166] The com-
position of uniform unstrained semiconductor alloy NWs, such as InxGa1−xN NWs [167]
and InAs1−xSbx NWs [168] has been determined from laboratory experiments. However,
at the starting point of this thesis, no data had been shown from laboratory XRD experi-
ments on NW superlattices. The primary difficulty arises from the structural fluctuations
aA review of x-ray diffraction of III-nitrides is given in Ref. 25.
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Table 4.1: Structural fluctuations typical for the self-induced GaN NWs with InxGa1−xN
MQWs grown and analyzed for this thesis.
NW
dimension
range deviation method
diameter 30 nm to 85 nm 15 % and 85 % quantiles of
distribution from cross-sectional SEM
(Fig. B.1(a))
length 515 nm to 630 nm as diameter
QW thickness
and spacing
σd = 2.5 nm simulation of x-ray diffraction
(Sec. 4.2)
QW
composition
σx = 0.2x simulation of Raman spectrum
(Sec. 5.5.3)
tilt 3.2◦ XRD ω-scan FWHM of symmetrical
reflection (Fig. B.2(b))
twist 4.4◦ XRD φ-scan FWHM of asymmetrical
reflection (Fig. B.2(d)), corrected for
in-plane angular distribution
in self-induced NWs, of which large ensembles have to be probed in order to achieve
sufficient diffraction intensity. These fluctuations lead to a significant broadening of the
peaks in the XRD profiles.
Figure 4.3 shows ω-2θ scans across the GaN(0002) reflection from InxGa1−xN/GaN
superlattices in a planar layer and in a nanowire sample. The data was acquired in the
laboratory at PDI with CuKα1 radiation using a Panalytical X’Pert system with Ge(220)
hybrid monochromator and Ge(220) analyzer crystal. Both XRD profiles are shown in the
same scale. It is obvious that the planar superlattice exhibits a superior contrast of the
diffraction peaks. While the out-of-plane lattice spacing in the NW MQW can be inferred
from symmetric Bragg XRD scans, the low intensity of the satellites in conjuction with the
statistical tilt and twist of the NWs prohibits the experimental assessment of the in-plane
lattice spacing from asymmetric reflections. To determine the strain state, and thus relate
the out-of-plane lattice spacing to an InxGa1−xN alloy composition, therefore requires a
priori assumptions, which will be discussed next in Sec. 4.3.1.
Two parameters of the heterostructure composed of multiple InxGa1−xN and GaN lay-
ers can be obtained from the diffraction peaks simply by the Bragg condition:
• The zeroth order superlattice peak position ω0 gives the average lattice constant in
C-direction of the superlattice: cavg = 2d00.2 = λ/ sinω0, where λ is the wavelength
of the x-rays.
• The positions ωn of the satellites are related to the superlattice period dSL via dSL =
λ/[2(sinωn − sinωn−1)].
When the diffraction maxima can be made out clearly, cavg and dSL are thus obtained with
good precision. Two other parameters of great interest for the optical properties of the
InxGa1−xN QW, the thickness dwell and the composition x, require an analysis of the dif-
fraction intensity profile by simulation. The contrast of the superlattice satellite peaks of
46
4.2 Simulation of x-ray diffraction profiles for fluctuating layer thicknesses
the planar film is at least an order of magnitude, owing to the homogeneous layer thick-
nesses and comparatively abrupt interfaces in the film. The nanowire sample, however,
exhibits very broad superlattice satellites of low intensity. Proof was given for the first
time by the work for this thesis, that the shallow intensity maxima are indeed superlattice
satellites, [169] and not contributions from InxGa1−xN NW components of different com-
position, which can result at first glance in similar profiles. [170] This will be discussed in
detail in Sec. 5.4.
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Figure 4.3: Symmetric Bragg XRD scans of planar and nanowire InxGa1−xN/GaN superlat-
tices with six periods. The planar MQW sample was grown by MBE on com-
mercially available virtual GaN templates which were produced by MOVPE on
sapphire with an AlN interlayer. The XRD profile of the planar sample exhibits
clear superlattice satellite peaks at ωn; the sample structure can be obtained from
the parameters of the simulated profile. For comparison, experimental data from
a sample of InxGa1−xN/GaN nanowires grown directly on Si(111) is given in the
same scale, showing broad peaks of low intensity.
X-ray diffraction profiles can be analyzed in terms of kinematic theory, where indepen-
dent scattering is assumed at different locations in the material, or dynamic theory, which
accounts for multiple diffraction and absorption.[171] Simulation tools for the dynami-
cal calculation of XRD profiles from planar semiconductor heterostructures are available
which allow to obtain the required structural information as fit parameters. [172] In Fig. 4.3,
the result of such a simulation is drawn onto the experimental curve from the planar
MQW sample.b The simulation parameters were dbarrier = 8.6 nm, dwell = 2.6 nm and
x = 8%. Because of the good agreement to the data, these parameters can be assumed to
describe the planar sample structure well.
Previously available simulation tools could not accomodate the structural fluctuations
inherent to superlattices in ensembles of self-induced NWs. Inspired by the work in
this thesis, a new simulation technique for the XRD profiles was developed by Vladimir
M. Kaganer. [154] This method allows to relate the structural fluctuations and the peak
bThe dynamical XRD simulation code MadMax 0.99w was provided by Oliver Brandt.
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Figure 4.4: XRD profiles simulated in the kinematic approximation for an InxGa1−xN/GaN
MQW in a planar film and in nanowire ensembles, with comparison to data from
a NW sample (1) grown directly on Si(111) and another one (2) grown on an AlN
buffer. [154]
broadening quantitatively. As a consequence of the small coherence volume in the lab-
oratory x-ray experiment and the random tilt of individual NWs out of the diffraction
condition, the NWs in the ensemble are illuminated incoherently. A kinematic approxi-
mation can therefore be used to calculate diffraction profiles as a sum of intensities from
individual NWs. [154] The fluctuating segment thicknesses in the NW heterostructure are
accounted for as independent Gaussian random variables.c Input parameters for the cal-
culation are the relative vertical misfit between the barrier and well layers, the barrier
and the well thicknesses, and the standard deviations σd of the thickness distributions.
Strain at the substrate interface and its successive relaxation in the base layer toward the
active region is taken into account to accurately model the GaN(00.2) peak broadening.
cAssuming a Gaussian fluctuation of the layer thicknesses is advantageous to the kinematic approximation,
because the structure factor of an individual nanowire contains single exponential terms, which can then
readily be averaged to account for the fluctuations. The details are given in Sec. VI of Ref. 154.
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Since symmetric Bragg scans provide information about the out-of-plane lattice parame-
ter only, an assumption about the strain state is made, that takes into account lateral
relaxation of the nanowire heterostructures. The lateral relaxation approximation will be
discussed in detail in Sec. 4.3.2.
Figure 4.4 shows the effect of the layer thickness fluctuation σd on the calculated dif-
fraction profile. All measurement data and simulations are obtained for a six-period
InxGa1−xN/GaN MQW. Sample 1 is an ensemble of NWs grown directly on Si(111),
and the simulation was obtained with dSL = 19 nm, dwell = 3.8 nm, x ≈ 20 %d and
σd = 2.4 nm. The intensities and widths of the diffraction peaks are typical for the
NW heterostructures studied in this thesis. The thickness fluctuations satisfactorily ex-
plain the broadening of the satellite peaks. Sample 2 possesses a similar heterostructure
(dSL = 17.5 nm), but the GaN nanowire base is grown on an AlN buffer layer. The thick-
ness fluctuations are slightly smaller, σd = 2.0 nm, leading to more pronounced satellite
peaks. Finally, if the calculation does not take into account any thickness fluctuation at
all, with all other parameters as for sample 2, the ideal profile for a planar film is obtained.
With the kinematic simulation the important quantum well parameters dwell and x can
in principle be derived from the diffraction peak intensities. This is an important advan-
tage over the simple Bragg interpretation of the peak positions, even though the determi-
nation of these parameters is still imprecise. XRD profiles of many samples from series
with fixed QW growth time and fluxes, and therefore nominally identical dwell, were an-
alyzed for this thesis (series 18, 19, 23 and 27). It was found that the dwell obtained from
fitting the kinematic simulation varied randomly by a up to a factor of two, even for sam-
ples with good contrast in the satellite peaks (series 27, experimental data in Fig. 5.10(b),
simulations not shown). The determination of the quantum well parameters dwell and x
in this thesis could therefore not rely entirely on this simulation.
The most significant benefit of this kinematic simulation of the XRD profiles is that it
explains the characteristics of the experimental profiles in terms of thickness fluctuations.
Therefore, this simulation is an instrument for the quantification of such fluctuations σd in
self-induced NW heterostructures. It must be noted here that more recent progress in the
analysis of these experimental structures has indicated local fluctuations in the composi-
tion of InxGa1−xN quantum wells in NWs. [173] This will be discussed in Sec. 5.5.3. Such
compositional fluctuations could partially account for the broadening of the satellites. An
XRD simulation model taking into account both fluctuations in quantum well thickness
and composition is not available to date, and in view of the low contrast of the satellite
peaks in the experimental XRD data from NW heterostructures, it is doubtful if such an
approach is feasible. The thickness fluctuations obtained from the present simulations
will be regarded in this thesis as an upper estimate of the true thickness variations.
4.3 Elastic strain relaxation in axial nanowire heterostructures
Experimentally accessible characteristics such as the lattice parameter and phonon fre-
quencies are a direct indication of the InxGa1−xN composition, under the condition that
the alloyed crystal is stress-free. This is generally not the case in semiconductor film
heterostructures, and NWs provide an additional degree of freedom, because stress is
dThe exact composition given in Ref. 154 is invalid, because the lateral relaxation of the MQW stack, which
introduces strain also into the GaN barrier as discussed below, was not properly taken into account. This
is irrelevant, however, for the discussion of the thickness fluctuation σd in this section.
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Figure 4.5: Strain states of lattice-mismatched crystal heterostructures with atomic displace-
ment (left) and out-of-plane strain εzz (right). (a) Pseudomorphic epitaxial QW
growth, the planar substrate remains strain-free. (b) Axial NW superlattice, non-
uniform strain profile calculated with cylindrical model. [174] The red, green and
blue curves represent the displacement and strain at the radial positions indi-
cated by the arrows (NW center, 80% and 95% of NW radius). (c) Axial NW
superlattice, lateral relaxation estimate, QW and barrier assume a common aver-
age in-plane lattice parameter.
introduced at the heterointerface, but relaxes on a small length scale toward the NW sur-
face. Yet, if the heterostructure geometry and hence the strain state is well defined, useful
approximations can still be made that allow to derive the alloy composition from XRD
and Raman data, as will be explained in the following. For the purpose of this thesis, the
discussion can be limited to elastic relaxation and neglect the introduction of dislocations
beyond a critical strain energy.
4.3.1 Strain states in mismatched heterostructures
For the description of the strain in InxGa1−xN/GaN heterostructures with interfaces in
the C-plane, the growth axis is represented now by the Cartesian z-axis. The crystal is
rotationally symmetric in the xy-plane (C-plane). Three distinct strain states will be con-
sidered in the following. When a thin film with the lattice constant a2 grows epitaxially
on a planar substrate with the lattice constant a1, the substrate remains unstrained and
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the film experiences the in-plane strain εxx = εyy = (a1 − a2)/a2.e This situation, known
as pseudomorphic growth, is typical for the growth of InxGa1−xN films below the critical
thickness on C-plane GaN. Pseudomorphic growth is shown in Fig. 4.5(a) for a2 > a1. εxx
is negative in the InxGa1−xN QW, shaded green on the left. The Poisson effect induces an
out-of-plane strain εzz of opposite sign, plotted on the right, which depends on the elastic
constants C13 and C33, or in an equivalent expression, on the Poisson ratio ν:
εzz = −2C13C33 εxx = −
2ν
1− ν εxx. (4.1)
Throughout this work, the elastic constants for GaN from Ref. 36 are used: C13 = 106 GPa,
C33 = 398 GPa, or ν = 0.21.
If, on the other hand, the width of the heterointerface is on the nm-scale and it is sur-
rounded by free surfaces, lateral elastic relaxation occurs in both materials. Figure 4.5(b)
shows the displacement (left) and the out-of-plane strain (right) which were obtained
analytically for an axial superlattice of thin quantum wells (a2) and barrier material (a1)
in a cylinder, as described in Ref. 174. The strain is non-uniformly distributed. In the
center, shown by the red line, the barrier crystal is laterally expanded, and since Eq. (4.1)
holds, εzz becomes negative at the barrier side of the interface. The quantum well is still
under lateral compression, and its εzz is positive, but smaller than in the pseudomorphic
case of Fig. 4.5(a). Going outwards, the strain distribution remains qualitatively similar to
the one in the center up to about 80 % of the cylinder radius, shown by the green line. To-
wards the surface the strain profile becomes complex as shown by the blue line at 95 % of
the radius. This non-uniformity in strain is inherent to the axial NW heterostructure and
is therefore present even if all structural fluctuations between the NWs of an ensemble
are ruled out.
4.3.2 Lateral relaxation approximation
When an integral over local strain states is of interest, such as in the volume-probing x-
ray diffraction, a simplified approximation can be made, [174] as shown in Fig. 4.5(c). It
is assumed that the in-plane lattice spacing takes on a constant value everywhere in the
superlattice, because of the coherent growth. The in-plane strain εxx then takes on an av-
erage value, weighted by the thicknesses dbarrier of the barrier and dSL of the superlattice
period. [176] The strain state of the quantum well is therefore described by
εxx =
dbarrier
dSL
a1 − a2
a2
(4.2)
in addition to Eq. (4.1). In the situation depicted in Fig. 4.5(c), this relaxation reduces the
strain in the quantum well by the factor dbarrier/dSL compared to Fig. 4.5(a). Reciprocally,
the thin quantum wells lead to a small lateral expansion and vertical compression of the
barrier. The theoretical discussion below and the experimental validation in Sec. 6.5.2
will establish a criterion for the agreement of this lateral relaxation approximation with real
NW heterostructures: The height of the superlattice stack of N periods, NdSL, must be at
least as large as the NW diameter.
The statement in Eq. (4.2), that the strain state of an axial quantum well in a nanowire
eεxx is sometimes given the index ‖ to indicate in-plane orientation, [174] and sometimes in the context of
biaxial strain given the index ⊥. [175] These forms are avoided here.
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is defined by the relative thicknesses of quantum well and barrier, is very important
throughout this thesis for three reasons:
• A degree of freedom for strain design is introduced which is absent in crystalline
films grown on a bulk substrate. During nanowire synthesis, the strain of a nanowire
segment can be defined by chosing the neighboring segment lengths.
• In the analysis of x-ray diffraction, the stress-free lattice parameter and hence the
InxGa1−xN composition can be derived from the strain in the quantum well.
• In Raman spectroscopy, the strain-induced frequency-shift, which depends on the
segment lengths, can be separated from the composition-induced frequency-shift,
which is devoid of this dependence.
Even though Eq. (4.2) can be intuitively understood it is not trivial, and the deriva-
tion which was published in Ref. 176 is cited here verbatim: Let us consider a periodic
superlattice stack made from two materials, 1 and 2. Material 1 is taken as a reference
for all strain values and material 2 possesses an eigenstrain ε0 with respect to it. Let
the lateral and the vertical eigenstrain components be equal to each other. Thus, the lat-
tice constants c01 and c
0
2 in the fully relaxed state are related by ε0 = (c
0
2 − c01)/c01. The
in-plane lattice parameter is approximated to assume a constant value throughout the
whole stack, so that the in-plane total strain ε1xx = ε2xx = εxx. The same condition holds
for the yy components. For the lateral relaxation of the superlattice (SL), two cases can be
distinguished:
I. planar SL: εxx = 0
II. nanowire SL: ξ1σ1xx + ξ2σ2xx = 0 (4.3)
For a planar superlattice on a bulk substrate, lateral relaxation is absent, εxx = 0. In
contrast, for an axial NW superlattice, the lateral stress σxx, averaged over the superlattice
period, vanishes as in Eq. (4.3). ξ1 and ξ2 are the thickness fractions of the two materials
(ξ1 + ξ2 = 1).
In both cases considered above, the superlattice is free to expand vertically and expe-
riences no vertical stress, σzz = 0. Then, Hooke’s law relates the strain components and
allows to calculate the vertical strain. For material 1, where ε0 = 0, one obtains
σ1zz = σ0[(1− ν)ε1zz + νε1xx + νε1yy] = 0, (4.4)
where σ0 = E/[(1+ ν)(1− 2ν)]. The Young modulus E and the Poisson ratio ν are taken
to be identical for both materials. Since εxx = εyy, it follows
ε1zz = − 2ν1− ν εxx. (4.5)
In material 2, only the difference between the total strain ε and the eigenstrain ε0 leads to
stress, and instead of Eq. (4.5) one obtains
ε2zz − ε0 = − 2ν1− ν (εxx − ε0). (4.6)
For the case of NWs, the lateral strain εxx can be found by calculating the in-plane
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stress:
σ1xx = σ0[(1− ν)εxx + νεyy + νε1zz],
σ2xx = σ0[(1− ν)(εxx − ε0) + ν(εxx − ε0) + ν(ε2zz − ε0)]. (4.7)
Substituting these expressions into Eq. (4.3) yields the simple result
εxx = ξ2ε0, (4.8)
which means that the degree of relaxation of material 2 is proportional to its contribution
to the superlattice period. This was the claim of Eq. (4.2).
In a real NW heterostructure, the in-plane lattice parameter is of course not constant as
was assumed here. In the following, the validity of the lateral relaxation approximation
will be discussed. The detailed solution of the anisotropic elastic problem in a cylinder
by Kaganer and Belov [174] was already used to calculate the non-uniform displacement
in Fig. 4.5(b). They came to the conclusion that the height of the whole heterostructure in
comparison to the NW diameter is a good measure for the efficiency of the lateral relax-
ation. Figure 4.6 compares the average strain in axial NW QWs calculated by the formal-
ism of Kaganer and Belov to the simple approximation in Eq. (4.2). The approximation is
indicated by the thin dotted line in each graph. To obtain the average strain of the QWs
in the exact calculation, the entire volume of all QWs from the NW heterostructure was
randomly sampled in a Monte Carlo (MC) algorithm. Several calculations were made for
a misfit of 1 %, corresponding to InxGa1−xN with x = 10 %. However, the criterion of the
heterostructure height for the validity of the approximation is universal. Therefore, the
plots show Eq. (4.2) in the form
εxx
xwell
= εmax
dbarrier
dSL
, (4.9)
where the constant εmax is the maximum value for εxx/x in the fully strained case. For
pure InN grown pseudomorphically on GaN, εmax = (aGaN − aInN)/aInN = −10 %. The
QW thickness dwell = 2 nm is constant in all calculations. In a first set of simulations, NW
heterostructures were simulated with different numbers N of periods of quantum wells
and barriers, at a fixed NW diameter of 200 nm. In a second set of simulations, the NW
diameter was varied, and the number of QWs was adjusted in keeping with the criterion
for relaxation, that the stack height must at least equal the diameter. In order to keep
the simulation in a parameter range that is accessible to the experimental methods in this
thesis, the curves are shown for N < 45.f
The simulation results in Fig. 4.6(a) show the effect of changing the MQW stack height
NdSL for a fixed NW diameter. The red curve (empty squares) shows the situation where
the criterion for the lateral relaxation approximation is met: NdSL equals the diameter.
Here, the strain in the quantum well is predicted to a good precision by Eq. (4.2), rep-
resented by the dotted line. With N = 40 QW disks, the average strain in the QW εxx
is reduced to 0.6 εmax. Further reduction of the QW strain at this NW diameter would
require a higher N, because the ratio dbarrier/dSL needs to be reduced, making the period
smaller. When the stack height NdSL is allowed to become smaller than the NW diameter,
fIt will be seen in Ch. 5 that the requirements for a pure axial growth of the InxGa1−xN/GaN active region,
a high V/III ratio, is mutually exclusive with an efficient axial growth rate. In the current MBE 8 setup,
the active region can be grown at about 1 nm/min.
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(a) Impact of the MQW stack height NdSL on
the average strain in the QWs. The NW
diameter is the same in all points. The
effective relaxation is less than predicted
by the approximation for stack heights
smaller than the diameter.
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(b) Impact of the NW diameter on the av-
erage strain in the QWs. The condition
that the superlattice stack height NdSL be
equal to the NW diameter is met for all
points. In thin NWs, the QWs are never
fully strained, even for large dbarrier/dSL.
Figure 4.6: Calculated strain relaxation in axial InxGa1−xN QWs in GaN NWs. The aver-
age strain from detailed calculations[174] is compared to the approximation in
Eq. (4.2), represented by the thin dotted line. The relative strain εxx/xwell, which
for InN onGaN is at most−10 %, is plotted as a function of dbarrier/dSL. The num-
ber N of QW and barrier periods is written at each point of the top and bottom
curves. The curves are drawn for N < 45.
as shown by the other three curves, the effective strain in the QW deviates progressively
from Eq. (4.2). However, more relaxation of the QW than in the case of the red curve can
still be obtained, without a higher N. The last point of the green curve (triangles) reduces
the average strain to ca. 0.3 εmax with N = 27. Interestingly, the effective relaxation is still
almost linear with dbarrier/dSL in this case, but the minimum attainable strain varies with
the ratio of NdSL to NW diameter.
The second set of simulations reveals another systematic deviation from the approx-
imation. The criterion that NdSL equals the NW diameter is always fulfilled in these
simulations, and the NW diameter is varied. The red curve (empty squares) in Fig. 4.6(b)
shows the same data as before. The same relaxation εmax − εxx in the QWs is achiev-
able for all NW diameters, provided that N is high enough. Towards the strained side of
the graph, it is apparent however, that the QWs in thinner NWs never come close to the
maximum mismatch strain. Whereas for a diameter of 200 nm Eq. (4.2) is almost met, the
QWs in a NW of only 30 nm relax to almost 0.6 εmax, even if their thickness is very small
compared to the barrier thickness.
These simulations of strain in axial InxGa1−xN/GaN NW heterostructures confirm that
Eq. (4.2) is a good approximation under two conditions:
• To achieve very low strain in the QWs, the MQW stack height must be sufficiently
high. A minimum height equal to the diameter was stated before as the criterion
54
4.3 Elastic strain relaxation in axial nanowire heterostructures
for the lateral relaxation approximation.
• To achieve very high strain in the QWs, the NWs must be sufficiently thick.
The lateral relaxation approximation must be used with caution: A situation can be
thought of, where the average strain in the QWs becomes almost independent of dbarrier/dSL.
To give an example, one can interpolate from the graphs in Fig. 4.6 that for 30 nm dia-
meter and N = 3, the average strain could be designed only to vary between 0.4 εmax
(dbarrier/dSL = 0.1, NdSL/diam. ≈ 0.2) and 0.6 εmax. It is worth stressing that significant
strain relaxation in NW superlattices, compared to the growth on bulk substrates, occurs
even if NdSL is much smaller than the NW diameter. As indicated by Fig. 4.6(a), the relax-
ation εmax− εxx remains a linear function of dbarrier/dSL over a wide range of parameters.
4.3.3 Average out-of-plane lattice constant in mismatched heterostructures
The average out-of-plane lattice constant cavg in mismatched MQW structures is an im-
portant parameter, because it is immediately determined from symmetric Bragg x-ray
diffraction experiments. Following the above considerations, one can write
cavg = ξ1c1 + ξ2c2 = ξ1c01(1+ ε1zz) + ξ2c
0
1(1+ ε2zz). (4.10)
For the case of planar layers on bulk substrate, where εxx = 0, out-of-plane strain from
Eq. (4.5) and Eq. (4.6) can be substituted into Eq. (4.10), which becomes
cavg = c01(1+ ξ2ε2zz) = c
0
1
(
1+
1+ ν
1− νξ2ε0
)
. (4.11)
For GaN/InxGa1−xN superlattices, Vegard’s law defines ε0 = x(cInN − cGaN)/cGaN. With
the average superlattice composition xavg = ξ2x, this yields the familiar result:
I. planar SL:
cavg − cGaN
cInN − cGaN =
1+ ν
1− ν xavg. (4.12)
Contrarily, for NWs, Eq. (4.8) holds, and Eq. (4.10) becomes
cavg = c01(1+ ξ2ε0). (4.13)
This means that cavg is not subject to the Poisson effect:
II. nanowire SL:
cavg − cGaN
cInN − cGaN = xavg. (4.14)
After the detailed solution of the anisotropic elastic problem, Kaganer and Belov de-
fined a relaxation factor f which allows to write Eq. (4.12) and Eq. (4.14) universally as
(cavg− cGaN)/(cInN− cGaN) = f xavg. [174] In the boundary case of planar superlattices (I.),
f = 1.53 with the elastic constants for GaN. In the other extreme of lateral relaxation in
nanowires (II.), f = 1. Kaganer and Belov calculated the x-ray diffraction profiles for the
non-uniform displacement in cylindrical nanowire heterostructures with the quantum
well thickness dwell = 6 nm and the superlattice period dSL = 20 nm. They then obtained
cavg from the peak positions. Figure 4.7 shows f as a function of the NW diameter for
numbers of disks N of 5, 10, and 25. For N periods, the MQW stack height is NdSL. The
limiting case (I.) is obtained for N = 5 at nanowire diameters of 10000 nm, i. e. roughly
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Figure 4.7: Relaxation factor f , describing the strain state of NW heterostructures with quan-
tum well thickness dwell = 6 nm and superlattice period dSL = 20 nm. In the limit
for thin NWs, f = 1, lateral relaxation is complete and the Poisson effect vanishes
on average. From Ref. 174.
one hundred times larger than the MQW stack height. Complete relaxation in the sense
of case (II.), on the other hand, perfectly describes the x-ray diffraction profiles for ten
MQW periods (NdSL = 200 nm) and nanowire diameters of 200 nm and below, i. e. not
larger than the MQW stack height. If the latter condition is met, cavg can be approximated
as fully relaxed even with only five disks.
4.4 Resonant Raman spectroscopy
Raman spectroscopy measures the energy transfer during inelastic scattering of light.
The difference in the energy of the incident and scattered photons corresponds to the dif-
ference of two energetic states of the material. Of particular interest here is the scattering
by phonons, excited states of lattice vibrations. The phonon spectrum of nitride semicon-
ductor crystals exhibits modes whose frequency depends on the chemical composition
and on the strain state. The increased availability of laser light at suitable wavelengths
and high-quality nitride semiconductor crystals has permitted the development of Ra-
man spectroscopy as an analytical tool in the last twenty years, starting with the work of
Hayashi et al. [153,177]
For the analysis of InxGa1−xN quantum wells, longitudinal optical (LO) phonons can
be used, which scatter light by the so-called Fröhlich mechanism: In polar crystals such
as III-nitrides, LO phonons are associated with longitudinal macroscopic electric fields
which interact with electron-hole pairs excited by incident ligth. [178] In the analysis of
thin semiconductor quantum wells, the Raman signal can be separated from that of the
substrate by resonantly exciting material of a specific band gap.
The A1 and E1(LO) phonons are of particular interest for the study of thin InxGa1−xN
quantum wells, because they can be detected with a particularly strong resonance en-
hancement. [179] Published measurements of the behaviour of the LO phonons often rely
on C-plane InxGa1−xN, for which the Raman selection rules allow the observation of the
A1(LO) mode. Contrary to planar layers, in as-grown ensembles of vertical nanowires
light is coupled into and out of C-plane InxGa1−xN laterally through the side facets, i. e.
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perpendicular to the C-direction. In this geometry, scattering by E1(LO) phonons dom-
inates over that by A1(LO) phonons. Two independent ways to support this finding
were described by Lazic´ et al., who distinguished the two modes in InN NWs by their
wavenumber, [180,181] and by Carsten Pfüller, who showed that the LO mode is not ob-
served in GaN NW ensembles as a function of the polarization configuration, and there-
fore does not correspond to the A1(LO) mode. [182,183] This is illustrated by the experi-
mental spectra in Fig. 4.8, which is reproduced from his work. In the planar sample, the
A1(LO) mode is observed in the polarized [z(y, y)z¯] configuration (solid line), but not in
the depolarized [z(x, y)z¯] configuration (dashed line). The observed mode in the NW
sample does not show this dependence, indicating that it is E1(LO), which is allowed
only if the light enters and leaves the NWs through the sidewalls.
Figure 4.8: Raman spectra of a GaN layer (green) and a GaN NW ensemble (red), both grown
on silicon. The Γ-point optical phonon of the Si substrate is visible at 520.5 cm−1
and the Eh2 phonon of GaN at 567 cm
−1. Above 600 cm−1, the intensities are mul-
tiplied by 20. The LO modes are discussed in the text. From Ref. 182.
From the viewpoint of structural analysis, the main difference between x-ray diffrac-
tion and Raman spectroscopy is that the former probes the long-range correlation of
atomic arrangement while the latter probes the local atomic neighborhood. The Fröh-
lich range of interaction under resonant conditions is in the order of (50 Å)3. [184] This
is important for the analysis of the InxGa1−xN alloy, which is frequently observed to
contain significant local fluctuations in composition. The interpretation of Raman data
from InxGa1−xN is complicated by two factors. First, resonant Raman spectroscopy may
probe only those fractions of the volume whose band gap is in resonance with the excita-
tion. [185] This is in contrast to x-ray diffraction, where neighboring volume elements con-
tribute equally. The second source of ambiguity is the relation of composition and strain
in pseudomorphically grown InxGa1−xN. The difficulty in disentangling contributions of
strain, composition and resonance has remained a drawback to the application of Raman
spectroscopy to InxGa1−xN even in the latest work. [186] The analysis of InxGa1−xN/GaN
NWs presented in this thesis benefits from the well defined strain state in axial NW het-
erostructures described earlier in this chapter (4.3.1). The following considerations of the
Raman shift in NW heterostructures are in preparation for Ref. 173.
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4.4.1 Strain- and composition dependence of LO phonon frequency
The LO phonon frequencies ωLO in the nitrides shift as a function of composition x and
strain ε, which can be approximated by
ω
InxGa1−xN
LO = ω
GaN
0 + ∆ω0(x) + ∆ω(ε). (4.15)
In strain-free InxGa1−xN, the A1 and E1(LO) phonon frequencies shift linearly with x,
∆ω0(x) = −149x cm−1. [187] This value has been obtained in calculation with a lattice-
dynamical model by Grille et al. [188] Figure 4.9(a) reproduces their graphical summary.
The composition dependence of the A1(LO) phonon frequency was experimentally con-
firmed in several works which are cited in Refs. 188 and 187.
(a) Phonon frequencies ω0(x) in fully relaxed
InxGa1−xN. Lines: calculated. Symbols: ex-
perimental. From Ref. 188, experimental data
sources are given there.
(b) GaN phonon frequencies ω(εxx) in
the case of biaxial strain (solid line)
and uniaxial strain (dot-dashed line).
Adapted from Ref. 175.
Figure 4.9: Phonon frequency shift in InxGa1−xN as a function of composition and strain.
For the shift of the InxGa1−xN phonon frequencies with strain ∆ω(ε), no exhaustive
report is available. The structural analysis presented in this thesis therefore makes use of
literature values for the strain dependence of the phonon frequencies in GaN. To describe
the strain dependence ∆ω(ε) of the A1(LO) phonon frequency, the phonon deformation
potentials a and b can be used,
∆ω(ε) = a(εxx + εyy) + bεzz, (4.16)
as long as the crystal symmetry is preserved. [151] Experimental values for the A1(LO)
phonon in GaN are a = −782 cm−1 and b = −1181 cm−1, per unit of strain. (Demangeot
et al. in Ref. 189, Table IV.) In the case of pure biaxial strain where Eq. (4.1) holds, a and b
can be combined in a biaxial coefficient
K⊥ = 2a− 2bC13/C33 = ∆ω/εxx. (4.17)
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From the literature values one obtains K⊥ = −935 cm−1 per unit of strain for GaN.g
Experimental phonon deformation potentials for the E1(LO) phonon are not available,
but Wagner et al. have performed calculations in density-functional theory. [175] Their
comparison of strain dependencies of the phonon frequencies is reproduced in Fig. 4.9(b).
For compressive biaxial strain, i. e. εxx < 0, as would be the case for InxGa1−xN grown on
GaN, the strain dependence ∆ω/εxx of the E1(LO) phonon in GaN is equal to that of the
A1(LO) phonon. Figure 4.10 summarizes the values of K⊥ for the A1(LO) phonon in GaN,
InN, and In0.18Ga0.82N, which can be deduced from the literature today. There seems to
be a tendency for a stronger strain-induced frequency shift with increasing In content, but
there is a large uncertainty in this value. To conclude, in this thesis, K⊥ = −1030 cm−1
will be used for the E1(LO) phonon in the InxGa1−xN QWs.
-1600
-1400
-1200
-1000
-800
0
(GaN)
0.2 0.4 0.6 0.8 1
(InN)
∆
ω
/
ε x
x
(c
m
−1
)
x
R
ef
.
18
9
R
ef
.
17
5
(th
eo
ry
)
R
ef
.
19
0
R
ef
.
19
1
Figure 4.10: Literature values for the A1(LO) phonon frequency shift under biaxial strain in
GaN, InN, and the ternary alloy.
4.4.2 Simulation of Raman spectra for non-uniform strain in nanowire
heterostructures
The previous section has provided the relation of the E1(LO) phonon frequency to the
strain and composition of InxGa1−xN layers in the biaxial strain state. For Raman spec-
troscopy to be useful in the anlysis of NW hetereostructurs, it must be shown how this
relation applies to the axial InxGa1−xN quantum wells under non-uniform strain as was
shown in Fig. 4.5(b). To this end the Raman spectrum was simulated. To be able to com-
pare simulated spectra with experimental data, local fluctuations of x and the effect of
the resonant excitation must also be taken into account. The general form of the resonant
Raman spectrum is
I(ω) =
∫ 1
0
dx R(x)C(x)︸ ︷︷ ︸
weighting factor
L(x), (4.18)
where the phonon lineshape L(x) for a given In content x is weighted by the relative
concentration of this particular In content C(x), and by the relative Raman efficiency
given by the resonance profile R(x). [186] The phonon lineshape is a Lorentzian around
gThe nomenclature of Ref. 175 is followed here. In contrast, the biaxial pressure coefficient KB explicitly
given in Ref. 189 is in unit of stress and corresponds to K˜⊥ in Ref. 175.
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the ωLO(x, ε) given by Eq. 4.15:
L(x) =
1
[ωLO(x, ε)−ω]2 + Γ2ph
. (4.19)
The minimum width of a phonon peak, when the composition and strain are uniform,
is Γph ≈ 10 cm−1. The resonance profile is also approximated by a Lorentzian, and the
width Γg is 0.1 eV: [186]
R(x) =
1
[Eexc − Eg(x, ε)]2 + Γ2g
. (4.20)
The experiments were carried out with Eexc = 3.0 eV (a Kr+ laser line). For the purpose
of simulating resonant Raman spectra, the bandgap Eg can be taken as the absorption en-
ergy, assuming that quantum confinement and the QCSE roughly compensate each other.
For the detailed simulations, Eg was calculated as a function of the local composition and
the local strain tensor with the Bir-Pikus 6× 6 Hamiltonian (see Sec. 2.2.2). The distri-
bution of the In content C(x) is assumed to have a Gaussian form, characterized by the
standard deviation σx.
Vladimir M. Kaganer extended the MC algorithm already used for the calculation of
the average strain in NW heterostructures to account for random structural fluctuations.
Resonant Raman spectra of NW ensembles can be simulated by adding the contributions
of randomly generated NWs, each given by Eq. 4.18. The distribution C(x) is inherent
to the algorithm because the composition of every single NW is randomly generated.
The non-uniformity of the strain is included by evaluating the strain tensor at randomly
chosen positions in the quantum wells with the same formalism from Kaganer and Belov
that was used for Figs. 4.5(b) and 4.6. [174] If the simulation succeeds in modelling the
experimental Raman spectra, the simulation parameters contain valuable information
about the sample. First, the compositional uniformity, given by σx, will be obtained in
this way in Sec. 5.5.3. Second, the strain ε in the QWs of several InxGa1−xN/GaN NW
samples will be obtained in Sec. 6.5.2 to verify successful strain engineering.
In the remaining part of this chapter on analytical tools, the spectral broadening due
to the impact of non-uniform strain on the Raman shift ∆ω(ε) will be analyzed for differ-
ent degrees of structural fluctuations in the NWs. As a starting point, simulations were
done for six equidistant InxGa1−xN quantum wells in a GaN NW. For a NW diameter = 50 nm, InxGa1−xN quantum wells with x = 20 %, dwell = 5 nm and the period
dSL = 19 nm, the green filled curve in Fig. 4.11 was obtained. The tail towards lower
frequency shifts is due to more relaxed portions of the quantum wells close to the sur-
face. The splitting of the peak is due to the different degrees of relaxation between the
outer quantum wells, which are clamped on one side by the pure GaN NW, and the more
relaxed inner quantum wells of the six-fold stack.
When self-induced InxGa1−xN/GaN NWs are synthesized by PAMBE, they exhibit a
range of different diameters, as discussed in Sec. 4.1 The distribution which was exper-
imentally obtained from cross-section scanning electron microscopy (see App. B) is re-
peated in the inset of Fig. 4.11. The MC algorithm was extended to take into account this
variation of NW diameters. The red curve in Fig. 4.11 corresponds to the predicted Ra-
man spectrum for the NW ensemble with this fluctuation in diameter. Compared to the
single diameter case (green), the Raman peak is broadened and the distinction between
inner and outer quantum wells is lost.
In real-world InxGa1−xN/GaN NW structures, additionally to the distribution in dia-
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Figure 4.11: Calculated Raman shift for GaN NW with six InxGa1−xN quantum disks, x =
20%, dwell = 5 nm, dSL = 20 nm. Shaded green: fixed NW diameter. Red: dis-
tribution of NW diameters as shown in in the inset for NWs grown by PAMBE.
Black: variation of diameter and segment thicknesses, σd = 2 nm. Blue: addi-
tional variation of InxGa1−xN composition, σx = 0.2x.
meter, two more fluctuations in structure must be taken into account. For one, the thick-
ness of the well and barrier segments fluctuates from NW to NW, as was shown in
Sec. 4.2. The MC algorithm was now extended to cover this fluctuation with σd = 2 nm.
The result is shown by the black curve in Fig. 4.11, and the peak is slightly broader yet
compared to the red curve with diameter fluctuations alone. The second effect is the fluc-
tuation in composition x. The result of adding a realistic fluctuation σx = 0.2x is shown
by the blue curve in Fig. 4.11. From a homogeneous alloy in the NW heterostructure to
this strong fluctuation in composition, the Raman spectrum changes markedly from the
black curve to the blue curve. The spectral broadening due to the alloy fluctuation σx
significantly exceeds the previous broadening due to the layer thickness fluctuation σd
and the distribution in diameter.
Using the approximation of lateral relaxation given in Sec. 4.3.2, the Raman frequency
shift is derived by inserting the average strain in the InxGa1−xN QWs given by Eq. (4.2)
into Eq. (4.17). The value obtained with the same x, dwell and dSL as before is given by
the dashed line in Fig. 4.11. As shown above, the lateral relaxation approximation can be
used under these conditions, and the value for the frequency shift corresponds well to the
peak position of the spectra obtained from integration over the non-uniformly stressed
volume (green and red curves). Even when fluctuations of the segment thicknesses and
composition are taken into account (black and blue curves), the agreement with the spec-
tral peak position is acceptable. What the lateral relaxation approximation cannot show
a priori, is the spectral broadening of the Raman peak. However, it was already observed
by comparing the black and the blue curves in Fig. 4.11, that the alloy fluctuation has
a bigger impact on the spectral broadening than the non-uniformity of the strain which
is inherent to the heterostructure geometry. This allows an interesting conclusion: If the
alloy fluctuation and the resonance can be accounted for, then a meaningful simulation
of the Raman spectra is possible based on an approximation of constant strain in the QW,
without the detailed numerical analysis of the strain distribution. This finding is more
general than the estimate of the average strain by the lateral relaxation approximation.
Even if the criteria for the latter are not met, a constant strain within the QWs can be
61
4 Analytical tools for the structural investigation of nanowire ensembles
used to simulate Raman spectra. The experimental validation of this method requires
thoroughly characterized samples and will be given in Sec. 5.5.3.
4.5 Conclusion
Ensembles of self-induced GaN NWs with InxGa1−xN heterostructures exhibit statistical
structural fluctuations. A second effect are non-uniformities in strain which are intrinsic
to their geometry. Both of these effects impact the measurement results in two important
methods for the NW ensemble characterization: laboratory x-ray diffraction and Raman
spectroscopy. A detailed description of the strain distribution within one NW is possi-
ble, and it is also necessary in order to deduce statistical distribution parameters from
the measurement data. Within the discussion of the experimental data in the next chap-
ter, σd will be derived from the simulation of XRD profiles. Once the segment heights
and compositions are known from XRD, the alloy fluctuation σx will be derived from
a MC simulation of the Raman spectra. For the design of growth experiments and de-
vices, however, it is often desirable to obtain mean structural information efficiently. To
correctly interpret the dominant LO phonon frequency in Raman spectra, the strain can
be assumed as constant in the QWs. A simple approximation of the lateral relaxation in
NW heterostructures can be used to obtain the mean strain and composition from XRD.
This chapter has shown in detail, under which conditions the approximations of lateral
relaxation and constant strain in the QWs are applicable, and how the experimental XRD
profiles and Raman spectra can be interpreted.
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In this chapter the impact of MBE growth conditions on the structural properties of
InxGa1−xN/GaN nanowire heterostructures is described. During the preparation of this
thesis, over 150 growth experiments were carried out, focusing on the nanowire het-
erostructures but including experiments with planar films for calibration and experi-
ments with the base GaN NWs using a range of conditions and substrates. The cali-
bration of the growth parameters is detailed in App. C. The effect of indiviual growth
parameter changes on the nanowire heterostructure formation was analyzed by grow-
ing series of samples where only one parameter was changed. The reproducibility of the
results was proven by repeated use of the same ‘recipe’, but also by comparing several
series of samples with the same variable parameter but different setups of the epitaxy
chamber.
The aim of this chapter is to provide rules for the design of InxGa1−xN/GaN NW
growth experiments, where possible based on physical models of the growth processes.
First, an account of the state of knowledge prior to this thesis is given. Then, in order
to show the practical limitations for the design of the NW growth process, the experi-
mental procedure is detailed step by step. The resulting microstructure and shape of
typical InxGa1−xN insertions is then analyzed. The results on NW morphology are qual-
itative and based on individual microscopy observations. Even though no quantitative
models are formulated, best practice rules for heterostructure design can be given. In
the remaining sections, full use is made of XRD and Raman spectroscopy, the ensemble
characterization techniques introduced in the last chapter, as well as the QMS in-situ tool
for growth analysis. The key parameters for the active region, growth rate, quantum well
thickness and composition are analyzed as a function of the experimental conditions, and
the underlying physics is revealed.
5.1 Previous studies of InxGa1-xN/GaN nanowire heterostructure
growth
The growth process of III-nitrides by plasma-assisted MBE [65] was researched in the 1990s
in parallel to the commercial introduction of GaN-based LEDs. In this context, the growth
conditions for self-induced GaN NWs on Si(111) with high crystalline quality were iden-
tified. [9] The application of InxGa1−xN/GaN nanowire heterostructures in an LED device
on silicon was presented by Katsumi Kishino and co-workers in 2004. [8] Subsequently,
several groups published reports on the growth of GaN NWs [192,193] and InN NWs [194]
on silicon.
Much less research had been carried out on the ternary InxGa1−xN alloy formation in
NWs. The feasability of InxGa1−xN NW synthesis over the entire compositional range
had been shown in a halide chemical vapor deposition experiment. [167] In MBE, the
atomic processes governing the alloy formation are known for planar films (see Sec. 5.6.1):
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The composition depends on the impinging fluxes and the thermally activated loss of In
due to InN decomposition and desorption. This dependence was confirmed qualitatively
in 2007 for InxGa1−xN NWs. Enrique Calleja and co-workers relied on the photolumi-
nescence wavelength to determine the NW composition. [103] InxGa1−xN NW samples of
different composition, grown at different substrate temperatures, were also obtained by
Georgakilas and co-workers. [195] In the latter work, the difficulty in assessing the In con-
tent was highlighted by comparing values obtained from high resolution x-ray diffraction
(XRD), energy dispersive x-ray analysis and photoluminescence.
The morphology of NW heterostructures has been studied in a few reports. Deviations
from columnar growth with parallel M-plane side facets were reported, with In supply
inducing the formation of branches [196] or enlarging the NW diameter. [193] One aspect of
InxGa1−xN growth, known for planar layers and of potential importance in NW growth,
is the segregation of In at the growth front. Such a segregation would lead to prolonged
InxGa1−xN quantum well growth [197], and a correct analysis of the thicknesses in MQW
structures in NWs is therefore essential to understand NW growth.
Numerous experimental challenges are specific to the InxGa1−xN growth in the NW
geometry. During the growth, the widely used RHEED method delivers less informa-
tion than in planar growth experiments. In NWs, transmission diffraction of the elec-
tron beam prevails over surface diffraction, and reconstructions or adlayer accumula-
tion can therefore not be detected. The characterization of samples also faces new chal-
lenges: because of the statistic distribution in NW height, popular depth-probing meth-
ods such as secondary ion mass spectroscopy (SIMS), Rutherford backscattering (RBS)
and capacitance-voltage profiling [198] can not separate the individual layers. Standard
resistivity measurements such as radio frequency-free-carrier power absorption [199] (‘Le-
highton’) or Hall measurements are prohibited by the NW geometry.
5.2 Experimental procedure
Self-induced GaN NWs were grown on 2′′ Si(111) substrates by plasma-assisted molecu-
lar beam epitaxy. With the application in mind, a typical ‘recipe’ for an ensemble of NW
LEDs is summarized in Table 5.1 and will be described now step by step. Such a typical
LED ‘run’ takes 6 h 45 min. The focus of this work is the formation of the heterostructure,
and therefore most samples contain only a subset of the LED structure: the base and the
active region, but no doping. Parameters for all samples and their grouping in series are
tabulated in App. A.
Prior to growth, the native Si oxide was removed in situ by depositing 100 monolayers
(ML) of liquid Ga (Galiq) at a rate of 10 nm/min (≈ 0.5 ML/s)a and desorbing any Ga-
O by raising the temperature. As discussed in Sec. 3.2.3, the appearance of the Si(111)
7× 7 reconstruction in RHEED indicates that the desorption is complete and the substrate
surface is clean and free of oxides. A second desorption of 40 ML Galiq, as shown in
Fig. 3.6, serves to check the pyrometer reading and gave a standard deviation per growth
aFor the Si(111) wafers used in this work, it was found that about 100 ML are required to obtain a surface
free of oxides, indicated by the 7× 7 reconstruction, in one deposition and desorption cycle. ML con-
version: 1 ML Galiq is estimated to contain 1.4× 1015 atoms/cm2. (The tabulated density at the melting
point and a cubic arrangement is assumed. On a clean Si(111) surface, Ga atoms could attach one-to-one
only with a density of 7.83× 1014 atoms/cm2. [200]) In a ML of GaN(00.1), one atom occupies an area of√
3a2/2, and the density is therefore 1.5× 1015 atoms/cm2. The thickness of 1 ML GaN(00.1) is c/2. 1 ML
Galiq therefore corresponds to the amount of Ga atoms in a 3.3 Å-thick GaN(00.1) layer.
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Table 5.1: Step-by-step description of typical InxGa1−xN/GaN NW heterostructure and NW
LED growth experiments.
step t T active sources comment
(min.) (◦C) (InAlGaN:SiMg)
deposition of
100 ML Galiq
3 standby Ga
T-ramp and
Ga-O flash-off
results in Si(111) 7× 7
deposition of
40 ML Galiq
1 450 Ga protocol in Fig. 3.6
T-ramp and
pyrometer check
dT/dt = 25 ◦C/min
nitridation 5 780 N
n-GaN base 90 780 GaN:Si doping for LED only
In desorption test 2 780 In N protocol in Fig. 5.21
T-ramp N
4×
{
barrier 8 600 GaN
quantum well 1 600 In GaN
electron blocking
layer
16 600 AlGaN :Mg LED only
p-GaN cap 180 600+ GaN :Mg LED only, slow T-rise
during growth
series of 1.4 ◦C (series 18 and 19) or 0.9 ◦C (series 23).
Exposing the Si substrate to Ga and N flux at about 780 ◦C invariably leads to the
formation of silicon nitride, SixNy. [85,102,104] This interlayer affects the GaN nanowire ori-
entation with respect to the Si crystal (see App. B). To allow a reproducible interlayer
formation, the Si substrate was exposed to N plasma and thus nitridated for a fixed time
of 5 min prior to GaN growth.
The defect density in GaN nanowires decreases rapidly with increasing distance from
the substrate interface (Ref. 154, Sec. V). Therefore, base GaN nanowires were grown for
60 min to a length of 300 nm (series 12, 18, 19) or for 90 min to 500 nm (series 23, 27, 28).
The GaN nanowire density, coalescence degree, diameter and axial growth rate depend
on the substrate temperature and the V/III ratio. [9] The nanowire base of a typical sample
(series 23) was grown at T = 780 ◦C with ΦGa = 2.5 nm/min and ΦN = 13 nm/min,
yielding a V/III ratio of 5.1. The GaN nanowires were Si-doped in those samples that
were processed as LEDs. [12] The axial growth rate of the NW base can be determined by
measuring the length in SEM images (see App. B). A typical axial growth rate of the base
was 2.5 nm/min. To optimize the growth rate while keeping the V/III ratio in the NW
growth regime, the maximum ΦN which could be obtained from the plasma source was
used throughout the growth ‘run.’
During the growth of the GaN nanowire base, the In source is brought to the operating
temperature for the growth of the active region. As will be explained in Sec. 5.6.1, at
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InxGa1−xN nanowire growth temperatures a flux ΦIn,des of In atoms is lost to desorption
from the substrate. In those experiments where the InxGa1−xN growth is to be monitored
in situ by line-of-sight QMS, the relation between ΦIn,des and the 115In partial pressure
PIn must be known. To achieve this calibration, the substrate temperature is kept high (at
about 780 ◦C) after the growth of the base nanowires, the Ga shutter is closed, and the
In shutter is opened.b At this temperature, all the impinging In desorbs, ΦIn = ΦIn,des,
and PIn/ΦIn,des can be calibrated. A typical value is 3× 10−11 torrnm/min . This value depends
drastically on the surface morphology (it is two times higher for GaN nanowires than for
clean silicon), and on the condition of the residual gas analyzer (PIn decreases to a tenth
over the lifetime of the detector). This In desorption test must therefore be carried out
after the growth of the GaN NW base in every individual experiment.
After the In desorption test, all metal flux is interrupted and within 5 min T is ramped
down to about 600 ◦C for the growth of the active region. T is only monitored by the py-
rometer, but regulated via a thermocouple which is remote from the substrate. The ther-
mal capacity of the sample holder assembly delays the response to temperature changes.
Therefore, the rate of change is progressively decreased towards the end of the ramp, and
an additional 5 min for stabilization is allowed.c The pyrometer reading 5 s prior to the
growth of the active region is interpreted as the growth temperature T.
The heterostructure, which forms the active region in LED samples, is composed of
alternating InxGa1−xN quantum wells with the thickness dwell, typically targeted around
2.5 nm, and GaN barriers with the thickness dbarrier, typically above 8 nm. These thick-
nesses are not changed within a sample, and the MQW stack forms a superlattice, induc-
ing x-ray diffraction satellite peaks. As will be detailed in Sec. 5.4, the XRD profiles were
used to determine the superlattice period, dSL = dwell + dbarrier. The axial growth rate
can be extracted from dSL and was typically between 1 nm/min (series 23, 27, LEDs) and
2.5 nm/min (series 18 and 19). Generally, the metal flux during the growth of the active
region is chosen lower than during the growth of the base, because at lower T, less metal
atoms desorb, but still the effective V/III ratio at the surface has to be kept in the NW
growth regime: N-rich. The active region was begun either with a barrier (series 18 and
19) or with a QW (series 23, 27, LEDs), and it was always terminated with a QW. The
number of QWs varied: six quantum wells were found to deliver a good x-ray contrast
of the superlattice, and were used in samples designed for growth analysis. LEDs (and
the early series 11 and 12) were grown with four QWs.
Above the active region, the nanowires were p-doped with Mg for LED samples, in
order to place the p-n junction in the active region. Only for LED samples, an electron
blocking layer (EBL) with the nominal composition Al0.16Ga0.84N followed the active re-
gion. The EBL is a design element of planar LED devices which decreases the loss of ‘hot
electrons’ from the active region. [201]
As a last step, a GaN cap was grown. Because the same ΦGa is used as in the active
region, the growth rate can be extrapolated. In undoped MQW samples for structural
analysis, the cap was typically grown to 30 nm.d In LED samples, the GaN cap was p-
bThe N shutter is left open during the QMS calibration to keep the conditions on the sample surface close
to the actual InxGa1−xN growth, and to reduce GaN decomposition.
cLonger stabilization times are required if the target T is undershot during the ramp. In MBE 8, between
Nov. 2010 and Sep. 2011, temperature-sensitive junctions existed in the thermocouple leads, located at
points with slowly changing temperature inside the growth chamber and thus superimposing a drift on
the thermocouple temperature signal. This has led to contradicting judgements on the required stabiliza-
tion time.
dIt was thought initially that enough cap material must be provided for absorbing the incident beam in
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200 nm 200 nm
(a) (b)
Figure 5.1: Scanning electron micrograph of GaN NWs on Si(111) with axial InxGa1−xN/
GaN MQWs embedded at the tip, in cross-section (a), and plan view (b). The data
was acquired by A.-K. Bluhm. [202]
doped with Mg and a length of 180 nm was desired, to enable the electrical contacting of
the nanowire ensemble by planarization, back-etching, and deposition of a contact. To
reduce coalescence in LED samples, T was slowly (dT/dt = 2 ◦C/min) raised to 140 ◦C
above the active region growth temperature during the growth of the p-GaN segment. [12]
Scanning electron micrographs of a typical sample with undoped base GaN NWs grown
for 90 min and InxGa1−xN MQWs are shown in Fig. 5.1 in cross-section (a), and plan view
(b).
5.3 Morphology of InxGa1-xN nanowire segments
The analysis of InxGa1−xN growth in axial NW segments has to begin with the confirma-
tion that the intended structure could be experimentally obtained. Figure 5.2 compares
the idealized structure (with six QWs) to scanning transmission electron microscopy
(STEM) images of experimental structures (with four QWs). Figure 5.2(b) shows a bright-
field contrast. Thick areas, crystalline areas and areas which contain heavy atoms ap-
pear dark, because the image is formed with the transmitted beam only and diffracted
beams do not contribute. Figure 5.2(c) shows a high-angle annular dark field contrast
(HAADF), also named z-contrast, because those electrons which are scattered incoher-
ently contribute to the image, and the contrast is highly sensitive to the atomic number
z of the scattering atoms. Both images show clearly the presence of a nanowire base,
the InxGa1−xN/GaN MQW active region with four QWs, and a GaN cap. It is immedi-
ately apparent, however, that the length of the base as well as the spacing between the
QWs varies strongly from NW to NW. As discussed in Sec. 4.1, this is a characteristic of
self-induced GaN NWs. For the luminescence behaviour of InxGa1−xN QWs, the com-
position and thickness are essential parameters. To study quantitatively the ensembles
of these structures and the devices made from them, the ensemble characterization tech-
niques are essential which were introduced in Ch. 4 and which quantify the variations
statistically. Nevertheless, microscope images of individual NWs are required to answer
fundamental questions about the exact shape of the InxGa1−xN insertions, their polytype,
the location of crystal defects and possible deviations from the NW morphology during
photoluminescence experiments. Raman spectroscopy then suggested that light is coupled to the NW
through the sidewalls, as was shown in Sec. 4.4.
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(a)
100 nm
(b) STEM bright field image.
100 nm
(c) STEM HAADF image (z-contrast,
R>70 mrad).
Figure 5.2: Scanning transmission electron microscopy images of a GaN NWs with four axial
InxGa1−xN/GaN MQWs, on Si(111). The images were obtained in a JEOL 2100F
microscope at 200 kV in a Si〈110〉 zone axis. (a) sketches the intended structure
(but with six QWs). The data was acquired by A. Trampert.
growth.
5.3.1 Microstructure of the InxGa1-xN insertion
The geometrical shape of the InxGa1−xN insertions can be more complex than the simple
substitution of GaN NW growth by InxGa1−xN NW growth suggests. The difficulty in
categorizing this shape becomes evident when recent literature reports are compared:
Some reports on axial InxGa1−xN quantum wells in GaN nanowires show evidence from
TEM that the InxGa1−xN insertions are surrounded by a GaN shell, [170,203,204] while others
do not, [205–207] and some observe both cases as a function of growth condition. [208,209]
Without generalization, a neutral view of the available data and possible interpretations
is given here.
TEM images of the active regions of two representative samples of this study were
obtained. Figure 5.3(a) shows a sample with 4 QWs, the images were acquired dur-
ing a brief session at the FEI Titan 80-300 Berlin Holography Special at 300 kV. Below the
overview, two individual NWs are shown in high-resolution contrast close to an 〈11.0〉
zone axis. This contrast is not chemically sensitive, and it is difficult to determine the
exact location of the QWs. The spacing of the dark stripes in the high-resolution images
corresponds roughly to the average dSL = 11.5 nm as determined for this sample from
x-ray diffraction (data not shown), and they can therefore be associated with the MQWs,
but the exact dimensions are unclear. It looks like a GaN shell is present, and the QWs
do not extend to the side facets. In view of the inhomogeneous radial strain distribution,
which was discussed in Sec. 4.3.1, and which also contributes to the contrast, the lateral
extension of the QWs can not be determined from these high-resolution images. Figure
5.3(b) shows a sample with 6 QWs. The conventional and HRTEM characterization was
carried out in a JEOL 3010 LaB6 electron microscope operated at 200 kV. These figures
are bright-field images in two beam condition with g = 0002. Those areas which fulfill
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(a) (b)
20 nm
Figure 5.3: TEM images of InxGa1−xN/GaN NW samples. The images in the bottom row are
details from the images above. All scale bars in the top row are 100 nm and in the
bottom row 20 nm. (a) Active region with 4 QWs, the detail images are HRTEM
images. The data was acquired by T. Niermann, TU Berlin. (b) Active region with
4 QWs, the detail images are bright field TEM images. The data was acquired by
C. N. Huang.
the diffraction condition contribute preferably to the image. Therefore, a dark contrast
can be expected due to inelastic scattering of electrons at atoms of high mass, where In is
incorporated, but also at crystal defects where the diffraction condition is not met. A pe-
riodic arrangement of dark spots is visible in the detail images, with a spacing matching
dSL = 19.3 nm from x-ray diffraction (green curve in Fig. 5.15). Here again, the constrast
is not strictly chemically sensitive, and the QW boundaries are obscured. This may have
contributed to the divergent interpretations in the literature.
The different shapes of InxGa1−xN insertions in GaN NWs which were reported in
the literature can be grouped into categories. Figure 5.4(a) symbolizes the cross section
of an ideal axial heterostructure. This NW structure can be grown bottom-up [11,205] or
etched from a planar heterostructure, [44,210,211] and an analytical strain analysis is possi-
ble and allows straightforward x-ray and Raman analysis as demonstrated in Ch. 4. The
InxGa1−xN quantum disc embedded in a GaN shell, which is shown in Fig. 5.4(b) can oc-
cur in bottom-up growth if In is preferably incorporated in the center of the NW. This has
been considered recently by Frank Glas by comparing the sum of the elastic energies and
surface energies for the case of InxGa1−xN island growth to the case of InxGa1−xN cov-
ering the NW top facet. [204,212] From this point of view, the formation of an InxGa1−xN
cylinder in the center of the top facet is favorable. This structure has been claimed ex-
perimentally for bottom-up grown nanowire heterostructures based on a GPA analysis
of HRTEM images. [170,208] Another way to obtain the structure in Fig. 5.4(b) is to over-
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(a) (b) (c) (d)
InGaN
GaN
Figure 5.4: Shapes of InxGa1−xN insertions in GaN NWs. (a) Ideal axial heterostucture. (b)
Cylindrical insertion surrounded by a shell. (c) Insertion in the shape of a trun-
cated cone. (d) GaN nanowire grown with bevelled tip, with the InGaN insertion
assuming a lentil shape.
grow a structure of the type in Fig. 5.4(a) radially with GaN.e Several reports indicate
the formation of InxGa1−xN insertions in the shape of a truncated cone, as shown in
Fig. 5.4(c). Experimentally, this was claimed on the basis of HRTEM images. [203,204] Inter-
estingly, this shape was theoretically motivated by Niu, Stringfellow et al. on the basis of
atomistic-strain-model Monte Carlo simulations, which also predict a non-uniform dis-
tribution of In within the insertion. [215] Finally, it has been observed experimentally that
the tip of MBE-grown GaN NWs can be composed of a C-plane top facet and bevelled
edges, as sketched in Fig. 5.4(d). This bevelling is pronounced in Ga-polar GaN NWs
obtained homoepitaxially on MOVPE-grown GaN templates. [117,118] If InxGa1−xN grows
on the NW tip, the insertion assumes a lenticular shape. As introduced in Sec. 3.3, GaN
NWs grow N-polar on silicon or silicon nitride, and the top facet on such NWs is typ-
ically flat. The bright-field TEM images in Fig. 5.3(b), and also experimental data from
other work, [206,209] however, do resemble closely Fig. 5.4(d). Note that in these cases, the
tip of the GaN NW cap is also clearly bevelled. The equilibrium shape of a crystal always
shows microscopic facets as a function of strain and surface energies, and to which extent
vicinal surfaces are observed in GaN NWs depends on the growth conditions. [118]
Even after 20 years of extensive research on the InxGa1−xN alloy, [3] the microstruc-
ture and particularly the local In content are a matter of debate, with the consensus
that the material is highly disordered and In concentration variations on a nm-scale are
typical. [13,39,89] MBE growth under far-from-equilibrium conditions and the non-uniform
strain in NW heterostructures render the modelling of the In distribution difficult. [216] To
investigate the local In content in the periphery of the quantum disc in experimental NW
heterostructures, and thus decide which of the descriptions in Fig. 5.4 best represents
the real structure, requires detailed microscopic analysis on series of samples covering a
range of growth conditions. Such an analysis is not a part of this study.
The discussion of x-ray diffraction profiles and Raman spectroscopy in Ch. 4 has shown
that despite the morphological fluctuations and the radially inhomogeneous strain in
self-induced InxGa1−xN/GaN NWs, it is possible to obtain statistically relevant struc-
tural information. The approximation of lateral relaxation, which was introduced in
Sec. 4.3.2, can be used for x-ray and Raman data. It was shown numerically that the
deviations in the periphery of the quantum discs are negligible. On the same grounds
it can be argued that the exact shape of the periphery and the classification according
eShell growth around III-N nanowires can be obtained, for example, in MBE under metal-rich condi-
tions [213] or in MOVPE. [214]
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to Fig. 5.4 plays a minor role for those properties of NW heterostructures that are de-
termined by their average strain state. The electronic properties of the quantum disc,
however, which may depend on Fermi level pinning at the sidewall [217,218] and on the
local strain strain state, may well depend on the exact quantum disc shape and require
a microscopic analysis. This topic will be adressed again in the discussion of the optical
properties of the heterostructure in Sec. 6.3.4.
5.3.2 Polytype of the InxGa1-xN insertion
GaN NWs grow by MBE at high temperatures (around 780 ◦C) in the hexagonal wurtzite
phase (h-GaN). When grown at low temperatures (around 600 ◦C), the GaN NWs exhibit
stacking faults and layers of cubic GaN (c-GaN). [81,219] Such low temperatures are used
for the growth of InxGa1−xN segments, and formation of the cubic polytype has been
found to coincide with In supply. [196] It is, however, unknown so far how In supply affects
c-GaN formation and if cubic InxGa1−xN is formed at all in the NWs.
The formation of cubic GaN can be detected in situ during NW growth by reflection
high-energy electron diffraction (RHEED). Figure 5.5(a) shows the RHEED pattern dur-
ing the growth of the GaN NW base, when only the reflections of hexagonal GaN were
observed. In this experiment, the first layer of the active region was a GaN barrier grown
at 585 ◦C. The appearance of additional reflections after lowering the growth tempera-
ture, as seen in Fig. 5.5(b), indicates the presence of cubic GaN before the In shutter is
opened.
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Figure 5.5: Evolution of the RHEED pattern during growth of (a) GaN NW base and (b) the
active region, before opening the In shutter. The appearance of the cubic GaN dif-
fraction pattern is depicted above for clarity (one of the twin patterns drawn). [220]
The extent and the positioning of c-GaN in individual NWs is seen in HRTEM im-
ages. Figure 5.6(a) shows the active region of an InxGa1−xN/GaN NW and the GaN cap.
The thin straight contours along the NW diameter are stacking faults. Their appearance
is not correlated with the insertion of InxGa1−xN QWs. In the greater magnification in
Fig. 5.6(b), cubic segments of different thickness can be identified. This image also reveals
h-GaN growing on a c-GaN{111} side facet, thus introducing a change of crystal orienta-
tion with respect to the base NW. A trace of c-GaN growth on oblique {111} facets was
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faults
stacking
MQWs
InGaN
(a) Overview of the four axial InxGa1−xN/
GaN MQWs in the active region and the
GaN cap of a NW. Stacking faults in this in-
dividual NWs are mostly in the GaN cap.
cubic
hexagonal
hex.
(b) HRTEM image showing hexagonal and cu-
bic segments of varying thickness in an
InxGa1−xN/GaN NW. Note the hexago-
nal segment growing on a cubic {111} side
facet in the top right.
Figure 5.6: HRTEM images of two NWs, showing the location of stacking faults and cubic
GaN segments in the active MQW region and the tip of the NW. The appearance
of stacking faults is not correlated with the InxGa1−xN insertion. [The overview
image is found in Fig. 5.3(a).] The data was acquired by T. Niermann, TU Berlin.
observed by RHEED in one extreme case, where the entire active region growth was sub-
stituted by a GaN segment grown at 585 ◦C. The RHEED pattern was shown in Fig. 3.4(c),
p. 23 (the reflections corresponding to oblique growth are indicated by the green vectors).
Polytypism is a common phenomenon in catalyst-induced III-V nanowires, and is ob-
served in GaN, [59], GaAs, GaP [221] and InSb. [222] Explanations for polytypism in these
cases involve, among others, the growth temperature and the composition of the cat-
alyst droplet or the self-seeded particle. Apart from the influence of the growth tem-
perature that was shown by Fig. 5.5, it is unknown how a polytype selection can be
achieved in the self-induced InxGa1−xN/GaN NW heterostructures studied here. The
formation of cubic GaN is clearly not induced by In incorporation. If, on the other hand,
InxGa1−xN segments are always free of cubic segments, is unknown. HRTEM images
such as Fig. 5.6(a) indicate that InxGa1−xN segments are mostly free from cubic inclu-
sions. Another indication is that the quantum-confined stark effect (QCSE) has been ob-
served in InxGa1−xN/GaN nanowires, indicating emission from a wurtzite crystal. [223,224]
Note that the latter point is controversial, as some authors have claimed the absence of
the QCSE in such NW heterostructures. [160,225,226] In sum, the indications of polytypism
in the InxGa1−xN segments are not conclusive. For the synthesis and operation of GaN
nanowire LED devices, cubic segments are not a fundamental obstacle at the current
stage of technological development, even though it is conceivable that they could have
a minor influence on the emission linewidth and the forward voltage drop. As will be
treated in Sec. 6.4, the electroluminescence of nanowire LED demonstrator devices pro-
duced within this work showed no traces of optical emission from c-GaN insertions.
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5.3.3 InxGa1-xN nanowire segment growth direction
For the design of nanowires with axial InxGa1−xN segments, the selectivity of the growth
in C-direction as opposed to radial growth must be assured. It is known that InxGa1−xN
heterostructures may deviate from the columnar growth of the GaN nanowire. The
growth may proceed laterally and lead to a diameter increase [8,192,193] or to branching
morphology. [196] Radial GaN and InxGa1−xN growth is preferred at higher metal fluxes,
or at lower growth temperatures when the fluxes are kept constant.
Figure 5.7: Scanning electron micrograph of GaN nanowire tips with an inserted
InxGa1−xN/GaN heterostructure with a superlattice period of 33 nm. The in-
set shows the same NW with enhanced contrast. The data was acquired by A.-
K. Bluhm. [169]
The morphology of experimental InxGa1−xN NW structures can be obtained from field-
emission scanning electron microscopy (SEM). The image in Fig. 5.7 was obtained with a
Hitachi S-4800, detecting secondary electrons. The beam conditions were 10 kV, 9400 nA,
and a working distance of 5900 µm. The arrows in the contrast-enhanced inset indicate
the periodic contrast profile which evidences the axial MQWs. The contrast mechanism
is not known. Nevertheless, the MQW region can be identified in this and other SEM
images (including Fig. B.1(a), p. 134). The x-ray diffraction profile indicates dSL = 33 nm
for this sample. The spacing of the MQW is therefore similar to the marks in the scale
bar, which is confirmed by the image.
Small branches originating at the QW position can also be seen in the SEM image in
Fig. 5.7. This is an example of the deviation from axial NW growth which is reported
for low V/III ratios. [193] A more drastic occurrence of a local change in the V/III ratio
was observed incidentally, when a NW LED sample was contaminated by In droplets
during the In desorption test, i. e. after the growth of the NW base. An SEM image of
this sample is shown in Fig. 5.8. It can be clearly seen that in the right half of the image,
parasitic growth has occurred on the base NW sidewalls. This is likely due to prolonged
In evaporation from the liquid In reservoir formed by the droplets. The contaminated
areas were circular and had diameters of 40 µm and above (images not shown). The
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500 nm
high V/III In droplet, low V/III
Figure 5.8: SEM cross section of an InxGa1−xN/GaN NW LED sample. This sample was
contaminated by In droplets after the growth of the GaN base NWs. In the right
half of the image, continuous In evaporation has decreased the V/III ratio and
extensive parasitic growth on the base NW sidewalls has occurred. On the left
half of the image, outside the In droplet area, no sidewall growth is visible on the
base NWs. The data was acquired by A.-K. Bluhm.
image is taken at the boundary of the contamination, and NWs in the left half of the
image show no growth on the sidewalls.
Table 5.2: Source fluxes for the growth of InxGa1−xN/GaN NWs with a tapered active re-
gion.
step t T ΦIn ΦGa,1 ΦGa,2 ΦN V/III radial
(min.) (°C) (nm/min) growth
GaN base 60 800 5.9 20 3.4 no
quantum well 0.5 598 5.7 3.0 20 2.3 yes
3×
{
barrier 3 598 3.0 20 6.7 no
quantum well 0.5 598 5.7 3.0 20 2.3 yes
GaN cap 5 598 5.9 20 3.4 no
Another deviation from the NW growth morphology, which is distinct from the forma-
tion of branches, is the increase of the NW diameter by radially homogeneous growth on
the NW sidewall. This phenomenon has been observed in InxGa1−xN/GaN NW MQW
structures which were grown with a low V/III ratio. The observation of InxGa1−xN dia-
meter widening is in agreement with recent literature, [209,227,228] but has not been quanti-
fied so far. An example is shown in Fig. 5.9 and will be discussed in some detail. Figure
5.9(a) shows the top portion of the NW ensemble. The diameter has increased during the
active region growth and all NWs show a similar inverse tapering there. The reason can
be found in the flux ratios, which are summarized in Table 5.2. The base NWs are grown
with a V/III ratio of 3.4, leading to diameters of about 40 nm. For this series (series 12),
a high In flux was used, with a surplus ratio ΦIn/ΦGa ≈ 2. Due to an erroneous source
calibration, the V/III ratio was only 2.3 during the growth of the InxGa1−xN QWs, and
radial growth occurred.
In Fig. 5.9(b), the partial pressure P of 115In detected by the line-of-sight QMS is shown
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300 nm
(a) SEM cross sectionf of InxGa1−xN/GaN
NW MQW structures grown with low
V/III ratio and exhibiting a successive in-
crease in diameter. The MQW region in
the box is repeated in (c). The data was ac-
quired by A.-K. Bluhm.
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Figure 5.9: Increase of the NW diameter in the active region of a sample grown with low
V/III ratio.
during the growth of the active region. When the In shutter is opened, P reaches Pmax =
1.75× 10−10 torr (dashed blue line), indicating significant desorption ΦIn,des. After clos-
ing the shutter, In desorption continues at a similar level, indicating that the imping flux
ΦIn was higher than the maximumΦIn,des which can be desorbed at this temperature, [229]
and In accumulated on the sample surface. The local conditions at the surface became
metal-rich, even though the nominal V/III ratio was 2.3. It can reasonably be expected
that the V/III ratio remains low, and therefore the condition for radial growth is met, as
long as P close to Pmax is observed.
The SEM image in Fig. 5.9(a) and particularly the enlarged and contrast-enhanced de-
tail in 5.9(c) show that widening of the diameter is not continuous during the growth.
It is easily seen that the side facets during the last GaN growth step are parallel. The
plateaus that form during the growth of active region, therefore correspond to the bar-
riers with V/III = 6.7. With the knowledge of the local material supply ratios at the
75
5 Growth of InxGa1-xN/GaN nanowire heterostructures
surface, the evolution of the NW morphology can be modelled. To quantify the local
V/III ratio precisely, a calibration of ΦIn,des(P) or an assessment of x would be required,
which are not available for this experiment. Also, assumptions about the diffusion of
the atomic species would have to be made. However, a simple model can be based on
the data presented so far. Even if InxGa1−xN with a significant composition x is formed,
because of the large In surplus ratio, most of the impinging In desorbs. To estimate the
effective Φ′In from the measured P
115In, Pmax can therefore be associated with the nom-
inal impinging ΦIn. (This calibration is very rough, because we know that some of the
impinging In accumulates and desorbs later.) For the active region one can then write
V/III = ΦN/( PPmaxΦIn +ΦGa,2). A background of Pmax = 2× 10−11 torr can be subtracted
from the data for P. The resulting V/III during the growth of the active region is shown in
Fig. 5.9(c) by the green line. For the growth of the GaN cap, V/III is nominally identical
to the base NW growth, as listed in Table 5.2.
A stepwise increase in diameter is observed when the V/III ratio is low. In an attempt
to correlate the V/III data with this observation, an arbitrary threshold is set at V/III
= 3, and the data points are counted which fall below this threshold. Their number is
shown by the red line in Fig. 5.9(c). Since the delay time of the In desorption after shutter
closure, which was observed in Fig. 5.9(b), decreases from QW to QW, the steps in the
red line become smaller. Interestingly, this seems to correspond to the observed stepwise
diameter increase, which is also less pronounced in the last QW. Based on this, a simple
model can be stated: Below a V/III threshold value, inverse tapering of NWs occurs at a constant
diameter widening rate, together with axial growth. Above the V/III threshold value, only axial
growth occurs. The precise axial growth rate is equally difficult to judge from the SEM
image. A valid assumption, consistent with the periodicity proven by x-ray diffraction
satellites (data not shown), is that the spacing of the QWs is constant, indicating that
the axial growth rate is not limited by the material consumption of the additional radial
growth. In view of the qualitative nature of the morphology assessment by SEM on one
individual NW, this simple ‘growth model’, which employs a V/III threshold for radial
growth, is sufficient to derive design rules. For high ΦIn, it is essential to include the
information from QMS, because the duration of the radial growth periods exceeds the
shutter opening time.
An idea put forth by Sergio Fernández-Garrido is that the local V/III ratio depends on
the NW diameter and density as well as the nominal flux. [230] According to this picture,
N-rich growth conditions prevail as long as the metal atoms arriving in the neighborhood
of the NW and diffusing to the C-plane top facet are outnumbered by directly imping-
ing N atoms. Under metal-rich conditions, radial growth increases the area of the top
facet. This increases the capture of N atoms and reduces the excess of metal atoms. The
decreasing In excess according to Fig. 5.9(b) in correlation with the increasing NW dia-
meter in Fig. 5.9(c) confirms this hypothesis experimentally. A consequence is that under
such experimental conditions, further radial growth will re-establish N-rich conditions
and then cease. The NWs will continue to grow axially, with a fixed diameter which is
defined by the nominal V/III ratio and the NW density.
Both deviations from NW morphology with clean M-plane side facets, the formation
of branches and inverse tapering, can be observed to occur in NW samples with an ac-
tive region grown at low temperature and at low V/III ratios. In the design of experi-
fThe view area of the SEM cross section is horizontally aligned with the Si(111) substrate. The systematic
tilt of the NWs to the left (5◦ on average) is due to a substrate offcut and their epitaxial relation to the Si
crystal.
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ments for this thesis, branches and tapers were not desired and have not been studied
intensely. From a symmetry consideration, however, the main difference seems to be the
crystal structure: if M-plane growth of hexagonal InxGa1−xN occurs, a radially uniform
diameter increase is expected. It can be argued that the exchange of adatoms between
side facets is easy, because Ga is known to diffuse easily in the A-direction of the GaN
M-plane, [231] and no preference for a specific direction is expected. Branching, therefore,
must be associated with a grain boundary between the branch and the NW. Such a change
in crystallographic orientation can occur even in coherent epitaxial growth, by inclusion
of a c-GaN segment and subsequent growth of h-GaN on an equivalent c-GaN {111} facet
that is not parallel to the original NW growth front. This effect has been observed in an
InxGa1−xN/GaN NW in Fig. 5.6(b) and is also known from literature. [196,232]
5.3.4 Best practice: V/III, In/Ga, axial growth rate
This section has shown that InxGa1−xN/GaN nanowire heterostructures grown by PA-
MBE exhibit variable morphology in terms of core-shell formation, polytype formation
and disruption of the M-plane side facets by branches or diameter increase. While the
growth mechanisms are not known for all of these phenotypes, the findings can be sum-
marized in a small set of rules for the design of experiments targeted at the active region
of InxGa1−xN/GaN nanowire LEDs with axial heterostructures.
Morphology The most efficient control of NW morphology is via ex situ SEM in plan
view and cross section. In situ, a clear spotty RHEED image as in Fig. 5.5 is an
indication for NWs with low tilt and few defects in the active region. Prolonged
detection of In desorption by QMS after the In shutter is closed, as in Fig. 5.9(b), in-
dicates In accumulation on the surface and thus metal-rich conditions which favour
lateral growth.
Axial growth rate The growth rate of GaN base NWs can be obtained from SEM images
and from the growth time, possibly subtracting the time for NW nucleation. [99]
The growth rate of the active region can be estimated by x-ray diffraction if a su-
perlattice (of four or more) InxGa1−xN QWs and GaN barriers is prepared. The
QWs, however, typically grow much faster than the barriers, as will be discussed
in Sec. 5.4.3.
V/III ratio N-rich growth, i. e. a high V/III ratio, must be conserved to obtain NWs with
M-plane side facets. The nominal V/III ratio for the GaN NW base is typically three
or above (growth at about 800 ◦C), with the effective V/III ratio being always higher
due to Ga desorption. At the lower growth temperature of the active region, less
Ga desorbs, and a higher nominal V/III supply ratio must be used for the active
region, typically eight or above (growth at 600 ◦C). To maximize the axial growth
rate, the plasma source is set for maximum ΦN and the metal fluxes are adjusted
accordingly.
In/Ga Because of In desorption, the nominal In/Ga ratio should be higher than in the in-
tended crystal composition. Excessive In surplus, however, lowers the V/III ratio.
Also, the maximum desorbable amount of In depends on the substrate tempera-
ture, and excessive In surplus increases the risk of In surface accumulation and,
therefore, metal-rich growth. A typical In/Ga ratio is one.
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The experimental work in this thesis focused on the growth of InxGa1−xN segments in
self-induced GaN NWs with the conservation of the NW geometry, i. e. a constant dia-
meter from the base to the active region. Fluctuations in the length and diameter of self-
induced NWs were observed (see Table 4.1). A common approach to avoid these fluctua-
tions is to employ structured substrates for the selective area growth of NWs. [61,146,147,233,234]
However, two recent findings suggest that it may be possible to synthesize self-induced
NWs systematically with narrow length and diameter distributions. These ideas are
stated here speculatively:
Base NW length distribution Sabelfeld et al. [125] recently found that the length distribu-
tion of self-induced GaN NWs evens out during the growth, [235] a longer base NW
growth time may thus be beneficial.
NW diameter distribution Sergio Fernández-Garrido has postulated a dependence of
the NW diameter on the V/III ratio, [230] and in Sec. 5.3.3 it was explained that effec-
tively metal-rich growth may increase the NW diameter until the top facet collects
enough adatoms to bring the effective V/III ratio up to N-rich NW growth condi-
tions. Therefore, a speculative path to a uniform diameter distribution is a short,
slightly metal-rich growth step, which may lead to a widening of the thinner NWs
and equalize the diameters.
5.4 Active region growth rate
To tailor the segment length in a NW heterostructure by choosing the growth time, the
axial growth rate must be known. For the NW base, on the length scale of hundreds of
nm, this is easily obtained from SEM images. The growth conditions for the QWs are dif-
ferent, and their thickness and growth rate cannot be measured in this way. Instead, the
method pursued here is to perform x-ray diffraction on superlattices of InxGa1−xN QWs
and GaN barriers. As discussed in Sec. 4.2, due to the statistic fluctuations in self-induced
NWs, the satellites are broad and of low intensity, and resemble the x-ray profile of NWs
with separate InxGa1−xN insertions of different composition. [170] Axial superlattices of
high-In-content InxGa1−xN/InyGa1−yN segments were reported by Kouno et al. to show
x-ray diffraction satellite peaks, and the segment spacing was obtained, but no XRD data
was shown. [236] The purpose of this section is twofold: to establish laboratory x-ray dif-
fraction as an analytical tool for axial NW heterostructures, and to obtain the growth rate
of the active region. An unambiguous identification of superlattice satellites is possible
by comparing a series of samples with a variation in the QW spacing dbarrier. The main
results of this section were published in Ref. 169.
Two series of samples with superlattices consisting of six pairs of GaN barriers and
InxGa1−xN quantum wells were analyzed. The growth parameters are given in Table 5.3.
The fluxes of the metal effusion cells were calibrated by growing planar layers and mea-
suring their thickness by SEM, as described in detail in App. C. It must be noted here only
that ΦGa,2, in particular, is non-uniform across the substrate and therefore inaccurate. In
series 18, separate Ga sources were used for the growth of the InxGa1−xN and GaN seg-
ments, with the benefit of keeping a constant V/III ratio during the growth of the active
region, for an optimum GaN barrier growth rate. Series 27 was grown with only one Ga
source being open during the the growth of the active region. The presence of In flux
during the QW growth dictates a low Ga supply rate, and therefore a low growth rate of
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the active region. In each series, the barrier thickness was varied by changing the barrier
growth time from one sample to the next, while keeping all other parameters constant.
Table 5.3: Source fluxes for two series of InxGa1−xN/GaN NWs with a variation in barrier
thickness.
series step t T ΦIn ΦGa,1 ΦGa,2 ΦN V/III
(min.) (°C) (nm/min)
18 GaN base 60 770 4.0 20 5
InxGa1−xN QW 0.9 585 1.7 0.8 20 8
GaN barrier 1.58, 3.36, 6.88 585 3.2 0.8 20 5
GaN cap 8.0 585 3.2g 0.8 20 5
27 GaN base 90 780 2.6 13 5
InxGa1−xN QW 1.5 605 0.8 0.8 13 8
GaN barrier 1.0, 2.0, 3.0,
9.5, 12.8, 22.7
605 0.8 13 16
GaN cap 26 605 0.8 13 16
Symmetric Bragg ω-2θ scans across the GaN(0002) reflection are shown in Fig. 5.10 for
both series. Satellite peaks are clearly visible, but their intensity is only slightly higher
than the background. In contrast, planar InxGa1−xN/GaN superlattices typically used
for LED structures exhibit a signal-to-noise ratio of two orders of magnitude or more (cf.
Fig. 4.3). The interpretation of these scans is not as straightforward as for planar layers,
because the broad satellite peaks with low intensity could either correspond to thickness
fringes from the InxGa1−xN/GaN superlattice or to individual InxGa1−xN layers with
varying composition. However, the consideration of the entire series of samples shows
that longer barrier growth time leads to more closely spaced peaks. The samples were
designed such that the quantum wells can be assumed to be identical for all the samples.
Therefore, the broad peaks are diffraction satellites due to the periodic superlattice. Only
with these first experiments shown in Fig. 5.10(a) could laboratory XRD be established as
an analytical tool for NW MQWs.
5.4.1 Graphical estimation of quantum well thickness and composition
Structural information can be extracted graphically from the XRD peak positions and
Bragg’s law (Sec. 4.2). The resulting values for dSL are given in Table 5.4. dSL is the sum
of the barrier and quantum well thicknesses dbarrier and dwell. Whereas these cannot be
directly inferred from the Bragg interpretation, information can be extracted by compar-
ing the three samples under investigation. They were grown in the same way, and the
only difference is the growth time for the GaN barriers between the wells. Assuming an
abrupt change between well and barrier growth, the superlattice period as a function of
barrier growth time tbarrier is
dSL = dbarrier + dwell = Rbarriertbarrier + dwell, (5.1)
gIn the first sample of series 18 the GaN cap was grown without ΦGa,1.
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Figure 5.10: XRD ω-2θ scans across the GaN(0002) reflection of InxGa1−xN/GaN NW super-
lattices.
where Rbarrier is the GaN NW barrier growth rate. In Fig. 5.11(a), the superlattice periods
obtained from the x-ray data from series 18 are plotted as a function of tbarrier. The lin-
ear relationship of Eq. (5.1) is confirmed and the barrier growth rate is determined to be
Rbarrier = 4.1± 0.2 nm/min. The GaN NW growth rate in the active region is therefore
comparable to the calibrated Ga flux ΦGa,barrier = 4.0 nm/min for the growth of the sam-
ples in series 18. For series 27, the same analysis can be done for the three samples with
the longest tbarrier, which exhibit distinct x-ray satellite peaks. The corresponding graph
is shown in Fig. 5.11(b). Note the changed timescale due to the slow barrier growth with
only one Ga source. Again, a barrier growth rate comparable to the calibrated flux is
found: Rbarrier = 0.93 ± 0.03 nm/min and ΦGa,barrier = 0.8 nm/min. The growth rate
of self-induced GaN NWs has exceeded the calibrated planar growth rate more signifi-
cantly in other studies. [101] Caroline Chèze et al. [237] and Sergio Fernández-Garrido (Ref.
71, Table 7.2) reported a factor of around two. In those studies, however, the growth
temperature was higher (730 ◦C and 790 ◦C, respectively) than in the growth of the active
region discussed here, and it can be assumed that the Ga diffusion length on the sidewalls
was higher.
A plot of the type in Fig. 5.11 contains even more information. By extrapolating the
straight line through the data points to tbarrier = 0, the contribution of the barrier is
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Table 5.4: GaN NW samples with superlattices containing six InxGa1−xN QWs, grown with
a variation in GaN barrier growth times, with all other parameters constant in
each series. Based on dwell = 4.7 nm for series 18, and dwell = 4.1 nm for series 27
(derived in the main text), dependent values are included for xwell after Eq. (5.2),
and for dbarrier/dSL. For series 27, the italicized values for samples (a) to (c) are
extrapolated from the results of samples (d) to (f).
parameters from x-ray diffraction profiles
peak positions simulations
series, tbarrier dSL xavg xwell dbarrier
dSL
dSL xavg dwell xwell σd
sample (min) (nm) (%) (%) (nm) (%) (nm) (%) (nm)
18 (a) 1.58 10.8 12.3 28.3 0.57 9.9 10.4 2.7 38 1.6
(b) 3.36 19.3 7.3 30.0 0.76 19.0 6.1 3.8 30 2.4
(c) 6.88 33.0 4.4 31.2 0.86 33.0 3.4 3.2 35 3.4
27 (a) 1.0 5.0 21.2 26.1 0.19
(b) 2.0 5.9 17.8 26.1 0.31
(c) 3.0 6.9 15.4 26.1 0.41
(d) 9.5 13.1 8.5 27.3 0.69
(e) 12.8 15.8 7.1 27.5 0.74
(f) 22.7 25.4 3.8 23.4 0.84
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(a) Samples from series 18. Growth of the GaN
barrier with two Ga sources. [169]
 0
 5
 10
 15
 20
 25
0 5 10 15 20 25
d 
(n
m
)
tbarrier (min)
dwell
exp
dSL
dbarrier
(b) Samples from series 27. Note the longer
growth time with respect to (a), because
only one Ga source was used. Only the
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Figure 5.11: Superlattice periods dSL experimentally obtained from the distances between
XRD sattelite peaks in two series of experiments. dSL is the sum of the bar-
rier and well thicknesses dbarrier and dwell and depends linearly on the barrier
growth time tbarrier.
subtracted from dSL and the absolute quantum well thickness is obtained from the axis
intercept: dwell = 4.7 ± 1.0 nm in Fig. 5.11(a) and dwell = 4.1 ± 0.5 nm in Fig. 5.11(b).
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Figure 5.12: Graphical determination of xwell from growth data for tbarrier and x-ray data for
dSL. The experimental values are from InxGa1−xN/GaN NW superlattice sam-
ples in series 18.
This value needs to be taken with some caution, since an abrupt change from InxGa1−xN
to GaN growth is presumed when the In shutter is closed. The activation energy for
InN dissociation is lower than for In evaporation from droplets, [229] and In segregation
during quantum well growth is known for planar layers. [197] Without taking other data
into account, the same might be the case for NWs, and dwell from Eq. (5.1) can therefore
be considered as a lower boundary for the well thickness.
The superlattice composition can be obtained via Bragg’s law as was introduced in
Sections 4.2 and 4.3.3. Assuming that the InxGa1−xN lattice parameter in C-direction
follows Vegard’s law and is increased due to elastic strain, the average composition is
given by Eq. (4.12). The values of xavg are given in Table 5.4.
To obtain the quantum well composition xwell, one can consider the product dSLxavg
which is the total amount of In incorporated into each superlattice period. This must be
conserved regardless of the achieved quantum well thickness, and therefore
dwellxwell = dSLxavg. (5.2)
Taking the data for series 18 from Table 5.4, the average over all samples is 1.41± 0.07 nm
of equivalent InN layer thickness. The small standard deviation indicates that the quan-
tum wells in the three samples are indeed very similar. The reproducibility of dSLxavg in
series 27 is also as good, with 1.06± 0.09 nm. Figure 5.12 illustrates, with the data of se-
ries 18, how xwell is derived. On the right, the extrapolation of dSL to tbarrier = 0 is shown,
yielding dwell. On the left, the constant product dSLxavg is indicated by the hyperbola. Its
value is averaged over the three samples. The actual dwell is projected onto this line by
the dashed blue arrow and marks the average xwell of the three samples. Alternatively,
the hyperbola could be drawn through an individual data point, giving the exact values
of Table 5.4. The fact, that the data points dSLxavg in Fig. 5.12 are all close to the curve, is
due to their small standard deviation.
To summarize, the x-ray diffraction peaks could be traced to axial NW superlattices by
the comparison of samples with a variation only in the barrier growth time. A graphical
interpretation of the peak positions is possible. dSL and xavg follow immediately from
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Bragg’s law, and if the thickness of the QWs is identical within a series, then also dwell
and xwell can be obtained.
5.4.2 Structural parameters from x-ray diffraction profile simulation
The x-ray profiles obtained from the NW heterostructures can be simulated when the
statistic structural fluctuations are taken into account. The calculation, which was pro-
vided by Vladimir M. Kaganer, has been outlined in Sec. 4.2. The simulated curves in
Fig. 5.10(a) were obtained with the parameters given in Table 5.4. The figure and the
simulation parameters for the layer thicknesses and strain are reproduced here from our
article, Ref. 169, even though two new findings suggest that the simulations could be
improved. First, the lateral strain relaxation according to Eq. (4.14) requires a correction
of x, as we clarified in Ref. 176. The values for xwell in Table 5.4 have been corrected. Sec-
ond, it is known now that x fluctuates significantly within one sample, as will be shown
in Sec. 5.5.3. An XRD profile simulation taking the fluctuation in x into account is not
available so far.
The published simulation of the diffraction profiles yields the well thickness dwell and
the In content xwell for each sample separately. Averaging over all samples, dwell is ap-
proximately 3.2 nm and the In content in the well is about 34 %. Fluctuations of the thick-
nesses of the individual layers are found to be rather large, σd ≈ 2.5 nm. This is the most
important result of the simulations, which remains valid regardless of the correction in
the lateral strain relaxation. The value σd will be used for further discussions in this work.
The average well thickness obtained from the simulation of the diffraction peaks is some-
what smaller than the one obtained from the axis intercept in Fig. 5.11(a), but agrees with
it within the experimental error. Since the peak positions are well-defined, the smaller
values for dwell from the simulation entail larger values for xwell.
The results in this section show that the structural parameters of NW superlattices can
be determined from XRD data in two independent ways. The agreement between the two
methods also strongly suggests an abrupt change from InxGa1−xN to GaN growth. As
discussed above, dwell as obtained graphically in Fig. 5.11 is a lower boundary, because
In segregation might prolong the QW growth. The simulation parameters however, are
an estimate of the true dwell, and their agreement with the graphically obtained lower
boundary makes In incorporation after closing the In shutter improbable.
5.4.3 Surface diffusion during quantum well growth
Now the structural information which was extracted from the XRD data can shed light
on growth mechanisms. First, the data for series 18 is discussed. The axial growth rate
of the InxGa1−xN QW, Rwell = dwell/twell was determined from the analysis of the Bragg
peak positions independently of the simulation. For series 18, twell = 0.9 min and Rwell =
5.2 ± 1.1 nm/min, with the uncertainty accounting for the error in dwell. This value is
compared now with the quantum well growth rate that follows from the fluxes calibrated
for the growth of planar layers. This latter quantity is a product of the calibrated Ga flux
ΦGa,well = 0.8 nm/min and the additional contribution from the In source, which gives a
factor (1+ xwell). Hence, the quantum well growth rate expected from the calibrated Ga
flux can be estimated asΦGa,2 (1+ xwell) = 1.1 nm/min. Obviously, the actual InxGa1−xN
NW quantum well growth rate is much higher than the amount of supplied material
implies. This counterintuitive finding hinges on the precision with which both sides of
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the inequality are determined:
Rwell = dwell/twell > ΦGa,2(1+ xwell) (5.3)
As mentioned above,ΦGa,2 is subject to a calibration error due to a non-uniform impinge-
ment on the sample surface. If however, the same Ga flux is supplied during the growth
of the barrier and the quantum well, this source of error is eliminated. The GaN barrier
grows at the rate of Rbarrier, known from the XRD peak positions, and the InxGa1−xN QW,
under the same Ga flux, could be expected to grow at the rate Rwell = Rbarrier(1+ xwell).
The inequality (5.3) then becomes
Rwell = dwell/twell > Rbarrier(1+ xwell). (5.4)
The second set of samples with variation in barrier thickness, series 27, was grown with
only one Ga source. Rwell = 2.7± 0.34 nm/min and Rbarrier(1+ xwell) = 1.2 nm/min. The
error in xwell is small compared to 1 + xwell and can be neglected. This clearly confirms
the finding that the axial growth rate of InxGa1−xN in NWs is significantly enhanced, by
a factor of two, with respect to GaN.
In order to resolve this discrepancy one must take into account that the growth of
self-induced GaN NWs is fed both from the impinging fluxes and the diffusion of Ga
along the NW sidewalls to the tip. [96,98,237] Hence, the increase in NW growth rate for
the quantum wells necessitates higher diffusion flux of Ga in the presence of In. In other
words, when the pure GaN barriers grow, not all of the impinging Ga reaches the NW.
The reduced Ga diffusion must be due to the lower growth temperature of the active
region compared to the NW base. This finding also explains why the barrier growth
rate is only in the order of the calibrated growth rate, as stated above in Sec. 5.4.1, and
not higher by a factor of about two, as reported in literature for GaN NW growth. It is
already known that during NW nucleation In enhances the diffusivity of Ga atoms on the
substrate, leading to the suppression of rough 2D layer growth. [238] In the experiments
presented here, In was supplied only after at least 400 nm long GaN NWs were grown
(series 18), and thus the substrate surface was shadowed to a high degree. The conclusion
can be drawn that In is an effective surfactant which enhances the diffusion of Ga atoms
along the M-plane sidewalls of the NWs.
During the growth of the GaN barriers, when In is absent, the lower diffusion length
prevents some of the impinging Ga adatoms from reaching the top facet. If they are
instead incorporated on the sidewalls, prolonged growth of the active region should lead
to an increase in NW diameter. To verify this, Fig. 5.13 compares SEM plan view images
from the samples (a), (b), and (c) of series 18, with the effective growth times of the active
region amounting to 16 min, 34 min, and 55 min, respectively.h It can be seen that the
NWs grow indeed progressively thick. This has consequences for the strain relaxation in
the QWs, as was introduced in Sec. 4.3.2. The observation of increasing diameter within
the samples of series 18 will be helpful for the interpretation of the Raman spectra in
Sec. 6.5.2.
As discussed in Sec. 5.3.3, lateral growth of the NWs is expected for a low effective
V/III ratio. [The lateral growth in the form of branches in sample (c) of series 18 was
shown in Fig. 5.7.] The second series with a variation in barrier thickness, series 27,
hIn series 18, the growth time of the active region is 6(tbarrier + twell) + tcap. The effective growth duration
of the GaN cap was 8 min for samples (b) and (c), but only 1.6 min for sample (a) due to an incidentally
reduced Ga flux in the last growth step.
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100 nm
Figure 5.13: SEM plan view images of InxGa1−xN/GaN NW samples (a), (b), and (c) (left
to right) from series 18. Growth times of the active region: 16 min, 34 min, and
55 min. The scale is identical in the three images. The data were acquired by
A.-K. Bluhm.
100 nm
Figure 5.14: SEM plan view images of InxGa1−xN/GaN NW samples (c), (e), and (f) (left to
right) from series 27. Growth times of the active region: 40 min, 99 min, and
149 min. The scale is identical in the three images. The data were acquired by
A.-K. Bluhm.
was designed to minimize this effect. Table 5.3 summarized the growth parameters: for
the second series, the V/III ratio during barrier growth was increased from 5 to 16, and
the active region growth temperature was increased from 585 ◦C to 605 ◦C. [The lateral
growth of branches is reduced, as seen in sample (e) of series 27 in Fig. B.1(a).] Since the
maximum N supply is given by the plasma source, the Ga flux had to be reduced, and
the axial growth rate in series 27 is only Rbarrier = 0.93 nm/min compared to Rbarrier =
4.1 nm/min in series 18, as stated above. For comparison the samples (c), (e), and (f) of
the second series are chosen, whose active region growth times are 40 min, 99 min, and
149 min, and thus three times as long as in the previous series.i Plan view SEM images of
the second series are shown in Fig. 5.14. The effect of increasing diameter with increasing
growth time of the active region persists. In agreement with the conclusion from XRD
data, Ga diffusion on the sidewalls is reduced during the growth of the GaN barriers.
The difference in the axial growth rate of the QWs by a factor as large as two compared
to the barriers has two important consequences for the controlled growth of InxGa1−xN/
GaN NW heterostructures. First, the increased Ga incorporation during InxGa1−xN growth
at the tip of the NWs has to be taken into account for the QW thickness. This result is
of vital importance for the rational growth of GaN nano LEDs and the development of a
comprehensive growth model for InxGa1−xN quantum wells in self-induced NWs. Sec-
ond, Ga diffusion is inhibited during the growth of the GaN barriers in the active region,
leading to radial growth of the NWs. In was shown to be a surfactant, increasing Ga dif-
fusion on the sidewalls. In future work, it may thus be possible to reduce lateral growth
iIn series 27, the growth time of the active region is 5tbarrier + 6twell + tcap, with tcap = 26 min.
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of the GaN barriers by supplying a flux of In, small enough to preserve the effect of the
potential barrier in the device, but large enough to enhance Ga diffusion.
5.5 Quantum well composition analysis
The composition analysis is perhaps the most challenging aspect of InxGa1−xN charac-
terization in general, and more so in short NW segments. Prior to the work on this thesis,
no convincing data had been published. Also in recent reports, InxGa1−xN composition
values obtained from nominal beam composition, XRD, microscopy or luminescence are
very rarely compared critically. In the previous section, the quantum well composition
was obtained for series of samples with a variation in barrier thickness. The analysis
in these cases was straightforward, but cannot be practically applied to samples of un-
equal composition. The interest of this section is directed at the analysis of series of
samples with a systematic change in composition. A series of GaN NW samples with
six InxGa1−xN/GaN MQWs was produced with the growth temperature of the active
region, Ta, changed between samples from 583 ◦C to 637 ◦C while all fluxes and shutter
opening sequences were identical. This series is numbered 19, and all growth parame-
ters are listed in App. A. At these temperatures, the desorption of In cannot be neglected.
Therefore, the resulting composition x depends on Ta. [239] The statistical fluctuations in
the NW ensembles require an InxGa1−xN composition analysis by volume-probing meth-
ods. Therefore, XRD and Raman spectroscopy are the primary tools. The results of this
section were published in Ref. 220.
5.5.1 X-ray diffraction and transmission electron microscopy
The In concentration in the NW segments can be derived from laboratory x-ray scans of
the GaN(0002) reflection as shown in Fig. 5.15. The zeroth and ±1st order satellite peaks
are marked by arrows. Their positions can be used to determine the superlattice period
dSL and the average composition cavg of the MQW stack via Bragg’s law (see Sec. 4.2). For
axial superlattices in NWs, lateral relaxation occurs. If the total height of the superlattice
stack is larger than the NW diameter, the whole stack assumes a weighted average in-
plane lattice constant. In this case the Poisson effect vanishes for cavg (see Sec. 4.3.3).
The average superlattice composition is hence given by Vegard’s law: xavg = (cavg −
cGaN)/(cInN − cGaN).
In the experiments shown in Fig. 5.15, the contrast of the XRD satellite peaks is not
sufficient to determine the QW thickness dwell reliably by simulation. The QW growth
conditions in this series are similar to the series 18 with barrier thickness variation (see
Table A.1), and dwell = 5 nm is expected based on the discussion of the axial growth
rate in Sec. 5.4.1. To cross-check the structure of the NW samples, TEM was performed
on the sample grown at Ta = 608 ◦C. Figure 5.16(a) shows a bright-field image of the
sample cross section in two-beam condition with g = 0002 at 200 kV. The Si substrate is
located at the bottom. Visibly, the NWs fluctuate in diameter, length and tilt. In the center
of Fig. 5.16(b) the complete heterostrucure of one individual NW is presented. The six-
fold periodic structure of the axial InxGa1−xN/GaN MQW is visible. The single period
highlighted by the white box is imaged by high-resolution TEM as depicted in Fig. 5.16(c).
Geometric phase analysis (GPA) reveals the In-induced strain in the C-direction as shown
in Fig. 5.16(d). [170] The strain ∆c/c is indicated with respect to the GaN barrier. It can be
seen that it is reasonable to assume in the following the nominal value of dwell = 5 nm.
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Figure 5.15: Experimental and simulated ω-2θ scans across the GaN(0002) reflection of
InxGa1−xN/GaN NW samples grown at different temperatures Ta (series 19).
The periodic InxGa1−xN QWs give rise to the first order superlattice peaks as
indicated by the arrows. [220]
A line profile of ∆c/c along the NW axis was obtained from the area in the GPA map
highlighted by the black box, and is given in Fig. 5.16(e). It must be emphasized that due
to the large ensemble fluctuations it is virtually impossible to obtain statistically relevant
information about the average In content of the NW ensemble from such images.
The composition of the QWs x is given by dwellx = dSLxavg, and will be derived now
from the XRD peak positions. To quantify x, the statistical distribution in the layer thick-
nesses has to be taken into account. Only to determine this uncertainty quantitatively,
the XRD profiles were simulated using the method described in Sec. 4.2, and the re-
sulting curves are included in Fig. 5.15. A standard deviation of the segment heights
σd = 2.5 nm can account for the broadening of the satellite peaks. The square symbols
in Fig. 5.17 (a) show x for dwell = 5.0 nm. x can be seen to decrease with increasing Ta.
The estimates for x resulting from the thickness estimates dwell ± σd, i. e. between 2.5 nm
and 7.5 nm, are shown as error bars. For the sample grown at Ta = 608 ◦C the strain
∆c/c, as obtained from the XRD data, is marked for comparison in the strain profile from
GPA in Fig. 5.16(e). The solid blue line corresponds to dwell = 5.0 nm, ∆c/c = 1.75 % and
x = 11.5 %. The dashed lines give the estimates from XRD for the limiting QW thick-
ness estimates as discussed above. Within the large experimental error, the data agree
between this individual NW in HRTEM and the NW ensemble in XRD.
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Figure 5.16: TEM analysis of axial InxGa1−xN QWs in GaN NWs. Ta = 608 ◦C. (a) NW en-
semble in bright field contrast. (b) NW tip with embedded MQW. (c) HRTEM
image of one QW, from the area marked by the box in (b). (d) Δc/c map ob-
tained from GPA, with the estimated QW thickness marked by dashed lines. (e)
Δc/c strain profile along the NW axis, obtained within the black box in (d). The
approximate location of the QW is marked red, and the QW strain estimate from
XRD is given by the blue lines (solid for dwell = 5 nm, dashed for dwell = 5 nm
±σd). The data was acquired by C. N. Huang. [220]
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Figure 5.17: In content x in InxGa1−xN/GaN NW axial superlattices grown at different tem-
peratures Ta (series 19). (a) x from XRD satellite peak positions (Fig. 5.15). (b)
x derived from the E1(LO) phonon frequency in the Raman spectra (Fig. 5.18).
The uncertainty ranges are described in the main text. [220]
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Figure 5.18: Raman spectra of InxGa1−xN/GaN nanowire axial superlattices grown at differ-
ent temperatures Ta. The samples were resonantly excited at 3.0 eV. The dashed
line marks the E1(LO) phonon frequency peak position of the sample with the
highest In content. The data was acquired by M. Ramsteiner. [220]
5.5.2 Raman spectroscopy
A complementary estimation of x can be achieved by resonant Raman spectroscopy, as
was introduced in Sec. 4.4. [232] The frequency of LO phonons in InxGa1−xN depends on
both the In content and the strain, as detailed in Sec. 4.4. In order to selectively enhance
the Raman signal from the InxGa1−xN QWs, the samples were excited with a photon en-
ergy of 3.0 eV, i.e. close to the resonance with the fundamental band gap for x ≈ 10 %.
The efficiency of scattering by LO phonons via the Fröhlich mechanism can be consid-
erably enhanced by choosing this kind of resonant Raman spectroscopy. [179] In fact, the
resonantly enhanced LO-phonon signal from the InxGa1−xN QWs is much stronger than
that from the GaN base material. Using non-resonant conditions, Raman spectra from
InxGa1−xN would not be detectable because of the small scattering volume provided by
the thin QWs and the small separation between InxGa1−xN and GaN phonon frequencies
at low In contents. The corresponding spectra of the samples are depicted in Fig. 5.18.
They are dominated by the E1(LO) phonon peak. The shoulder at 685 cm−1 might be
attributed to the S band which is associated in literature with disorder or defects. [187,240]
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This feature does not bear on the analysis. With decreasing Ta, the E1(LO) peak shifts
toward lower frequencies.
In this section, a simple estimate of x is performed, based on the spectral peak position
of the E1(LO) phonon frequency and the following relation, which was already stated
as Eq. 4.15: ω InxGa1−xN = ω0 GaN− 149x cm−1 + ∆ω(ε). The strain state of the QWs
can be taken into account by considering the two limiting cases. First, if the InxGa1−xN
is full relaxed, ∆ω(ε) = 0. Second, if the QW is under biaxial strain, as can be found
in publications on planar films, a higher LO phonon frequency is expected. A shift of
∆ω(ε) = −58x cm−1 for InxGa1−xN grown pseudomorphically on GaN can be assumed,
based on the data given in Ref. 189 for GaN. The values for the composition x, which can
be derived from the Raman peak position for these two limiting cases are indicated by
the end points of the error bars in Fig. 5.17(b). The diamond data points x plotted in this
diagram were derived under the assumption that the active region relaxes laterally and
the relative strain is equal to dbarrier/dSL, the claim made by Eq. 4.2. In agreement with
the XRD results, x decreases with increasing Ta.
The range of In content deduced from the Raman measurements is smaller than the
range derived from XRD. This difference could arise from the resonant excitation which
favors regions with x ≈ 10 % if the composition fluctuates within a given sample. The
weaker Raman signal for samples with higher Ta as seen in Fig. 5.18 is then explained
by the detuning of the resonance condition for lower In content. In principle, another
factor might be the superimposed contribution of A1(LO) phonons, which would lead to
an overestimation of x. While for the discussion in this section the absolute values of x as
derived from XRD are used, the resonant Raman results can be viewed as an independent
proof of the systematic In content variation with growth temperature.
5.5.3 Compositional fluctuations
Several types of compositional fluctuations are conceivable in the InxGa1−xN quantum
well:
• The composition may fluctuate within one QW. As stated before, In concentration
variations on a nm-scale are typical for this material. [13,39,89]
• The average composition might differ from one QW to another within one NW.
Very recent microscopy studies on similar structures have indicated that the In
content may increase progressively as the active region grows, [161,162,206] due to a
widening of the crystal lattice. [241] The general applicability of these findings is un-
clear so far.
• The In composition might differ from one NW to the next if, for example, the diffu-
sion lengths of In and Ga on the sidewalls are unequal, and different NW diameters
give rise to different ratios of the diffusion fluxes to the incorporation area on the
top facet. [98]
The experimental methods employed in this section, x-ray diffraction and Raman spec-
troscopy, are both volume-probing, and therefore in principle do not distinguish between
these three fluctuations. It will be seen in the next chapter, however, that In incorporation
is largely temperature-controlled. If it is assumed that strain and diffusion play a lesser
role for the average In incorporation into each QW, then one can focus on the first type of
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compositional fluctuations, on a nm-scale. In principle, such fluctuations are accessible
to Raman spectroscopy, because they lead to spectral broadening of phonon lines.
Resonant Raman spectroscopy as an analytical tool for the analysis of InxGa1−xN/GaN
NW heterostructures was introduced in Sec. 4.4. It was shown that the systematic and
random fluctuations in strain can be simulated, and the strain dependence of the E1(LO)
phonon frequency was given. This information will be used now to simulate an experi-
mentally obtained Raman spectrum, and to extract structural information from the simu-
lation parameters. The analytic expression for the resonant Raman spectrum is repeated
here from Eq. (4.18):
I(ω) =
∫ 1
0
dx R(x)C(x)︸ ︷︷ ︸
weighting factor
L(x)
The factor R(x) for the resonance requires the bandgap Eg of the InxGa1−xN QWs, which
is itself composition- and strain-dependent. Two alternative simulation approaches are
presented:
• The detailed solution for the anisotropic strain in the quantum disks is provided by
Kaganer and Belov. [174] Based on the strain tensor, the Eg can be calculated precisely
with the Bir-Pikus 6× 6 Hamiltonian (see Sec. 2.2.2). In a MC algorithm, volume
elements of InxGa1−xN with all possible fluctuations can be sampled, and their
contributions to the Raman spectrum can be summed up. As was introduced in
Sec. 4.4.2, the statistical distribution of the composition C(x) is included in the MC
algorithm.
• The strain in a QW can be approximated as constant, because the spectral broad-
ening of the phonon line by the non-uniformity of the strain is much less than the
broadening by the compositional fluctuation. (The two cases were compared in
Fig. 4.11.) In this approximation, the shear components of the strain vanish, and Eg
can be obtained from Eq. (2.1). The Gaussian distribution of the alloy composition
around the mean xavg can be taken as C(x) = exp[−(x− xavg)2/(2σ2x)].
In both cases, the Gaussian alloy fluctuation is described by σx in units of x. The simu-
lation depends on the width Γg of the resonance R(x), and the minimal width Γph of a
phonon line, which includes the resolution of the experimental setup. As a starting point,
the rough estimates Γg = 0.1 eV and Γph = 10 cm−1 can be used. [186]
The purpose of this section is to quantify the alloy fluctuation σx in the InxGa1−xN
quantum wells. In order to obtain this parameter from the simulation of an experimental
Raman spectrum, it is helpful to fix as many of the other parameters as possible. For
this reason, the Raman spectrum of the well studied sample (a) from series 18 will be
used. For this sample, x, dwell, and dbarrier are known from Sec. 5.4.1, σd from Sec. 5.4.2,
and the NW diameter distribution from App. B can be used. The criterion for the lateral
relaxation approximation is fulfilled. The remaining free structural parameter is σx.
Figure 5.19 displays the experimental Raman spectrum. The Γ-point optical phonon of
the Si substrate is visible at 520.5 cm−1, the Eh2 phonon of GaN at 567 cm
−1 and the E1(LO)
peak from the InxGa1−xN QWs centered at 720.3 cm−1. The E1(LO) frequency for relaxed
GaN is marked for reference at 741 cm−1. ωLO(x, ε) for InxGa1−xN was given in Eq. (4.15).
In this sample, the redshift with increasing In content dominates over the blueshift with
increasing strain.
The inset in Fig. 5.19 shows the E1(LO) phonon line at a larger scale. The dashed red
line shows the MC simulation, with the exact solution for the non-uniform strain dis-
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Figure 5.19: Comparison of simulated and experimental resonant Raman spectra for
InxGa1−xN/GaN NWs on Si (sample (a) from series 18). The E1(LO) feature of
the experimental spectrum is repeated in the inset for comparison with the sim-
ulation. Dashed red curve: MC simulation averaging over InxGa1−xN volume
elements with anisotropic strain. Blue curve: constant strain approximation. The
simulations were performed by M. Ramsteiner.
tribution. A variation of the parameter σx has shown that, counterintuitively, the peak
frequency is affected more than the width. The experimental phonon frequency is ob-
tained with σx = 0.2x. The width of the experimental phonon line could be matched
with the simulation parameter Γph = 10 cm−1 for the minimum phonon linewidth. The
second simulation, shown by the blue curve, was obtained with the approximation of
constant strain in the QW. The simulation parameters σx and Γph were the same as in the
MC simulation with the detailed strain distribution.
The agreement of the two independent simulations with the experimental data is an
important result for the characterization of InxGa1−xN quantum wells in NWs. This find-
ing has two consequences:
• The InxGa1−xN alloy fluctuation in the QW was quantified by a Gaussian σx = 0.2x.
This value will be assumed for every sample discussed in this thesis, because it can
be obtained from the simulation of Raman spectra only if the other structural pa-
rameters are very well characterized, which in this case required a series of super-
lattice samples with good XRD contrast.
• The approximation of constant strain in the QW is valid for the interpretation of
Raman spectra. It was already shown in Sec. 4.3.2 that Eq. (4.2) can correctly predict
the average of non-uniform strain in the QWs. The agreement with the experiment
as in Fig. 5.19 is required, however, to prove that the average strain also determines
the Raman spectrum. A priori this was not given, because the strain distribution
is anisotropic, and the shear components of the phonon deformation potentials are
unkown.
With σx fixed, resonant Raman spectroscopy can be employed to determine another un-
known structural parameter. Together with the straightforward approximation of con-
stant strain, Raman spectroscopy will be used in Sec. 6.5.2 to quantify the average strain
in specifically engineered heterostructures.
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5.6 In incorporation in InxGa1-xN nanowire segments
NW growth by MBE offers the advantage of an in-situ analysis of In desorption by line-of-
sight quadrupole mass spectrometry (QMS). [229] This section demonstrates a quantitative
analysis of the In loss during InxGa1−xN NW growth as a function of the substrate tem-
perature. The In desorption was measured in situ and the composition x was deduced. In
a series of samples, the change of the composition with growth temperature was verified
ex situ by x-ray diffraction. It is shown that the temperature dependence of the In loss can
be decribed in the same terms as planar growth, and that the InxGa1−xN composition can
be controlled in situ by line-of-sight QMS. The results of this section were published in
Ref. 202.
5.6.1 Processes during ternary InxGa1-xN alloy formation
The physical modelling of InxGa1−xN NW growth by MBE is more complex than in the
case of the binaries GaN and InN, because the different behaviour of the constituent
atom species has to be taken into account. The growth of ternary InxGa1−xN NWs has
been studied since 2007. [103,167] The composition x of InxGa1−xN NWs depends on the
impinging fluxes and the substrate temperature T, [195] a correlation that is also known
from planar layers. Planar InxGa1−xN growth has been much more extensively studied,
because the alloy is used in the active region of LED devices. As a basis for this thesis, it
is instructive to review the microscopic processes that affect x in planar InxGa1−xN.
Atoms from the vapor phase are not directly incorporated into the crystal but adsorb
first on the substrate surface. When Ga and In adatoms compete for incorporation into
the crystal, Ga is incorporated preferably because the Ga-N bond strength is higher than
the one of In-N. [242] The maximum amount of In incorporation at low growth temper-
atures is hence given by the difference in N and Ga supply. Consequently, excess In
segregates on the surface. [197,243] Two additional factors are the thermal decomposition
of InN, [244] resulting in new In adatoms, and the desorption of In adatoms from the sub-
strate surface. [245] Both processes compete with the incorporation of In adatoms origi-
nating from the vapor phase and the reincorporation of In adatoms originating from the
crystal. All of these atomic processes are sketched in Fig. 5.20(a).
The decomposition of InxGa1−xN can be described as a thermally activated process,
ΦInN,dec = Cx exp(−Edeca /kBT). (5.5)
Edeca is the activation energy for InN decomposition at substrate temperature T, and C is a
constant. In order to describe the resulting composition x as a function of the impinging
fluxes ΦN, ΦGa, and ΦIn, two situations must be distinguished: metal-rich (N-limited)
growth, and N-rich growth. In the case of metal-rich growth, where ΦGa + ΦIn > ΦN,
the reduction of incorporated N due to InN decomposition yields an effective N flux
ΦN,eff = ΦN −ΦInN,dec, and x is given by
x =
ΦN,eff −ΦGa
ΦN,eff
= 1− ΦGa
ΦN −ΦInN,dec . (metal-rich) (5.6)
Therefore, x does not depend on the impinging In flux. Equations (5.5) and (5.6) were
shown by Averbeck and Riechert [239] to describe planar InxGa1−xN growth by MBE un-
der metal-rich conditions on the Ga-polar C-plane surface and thus constitute a quan-
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Figure 5.20: Atomic processes occurring during InxGa1−xN growth. (a) Impingement, incor-
poration, decomposition and desorption from a planar InxGa1−xN film via the
formation of adatoms. Full spheres depict In atoms, open spheres the former
position of In atoms. (b) Impingement, diffusion and desorption of adatoms on
top facet and sidewall of a NW.[202]
titative growth model. This approach was also confirmed for planar growth on the
N-polar[246] surface and on off-orientations. [247] Nitride NWs grow in the N-polar C-
direction in MBE.[109,110] The literature value of Edeca for InN decomposition from the
N-polar surface is 1.2 eV.[248]
The growth of self-induced InxGa1−xN NWs by MBE requires N-rich conditions (ΦN >
ΦGa +ΦIn). Then, In incorporation is not limited by the N supply, but by the decompo-
sition of InN and the desorption of In adatoms ΦIn,des. If all the In atoms which are not
incorporated ultimately desorb, the composition is given by
x =
ΦIn −ΦIn,des
ΦGa +ΦIn −ΦIn,des . (N-rich) (5.7)
During InxGa1−xN growth decomposition, reincorporation and desorption occur simul-
taneously and determine the total In loss. The temperature dependence of these single
processes is unknown and In loss under N-rich conditions has not been quantified.
In the growth of NWs, in addition mass transport and inhomogeneous strain have
to be considered. As stated above, mass transport is more complex than for planar
layers. Growth occurs predominantly at the tip of the NW, and adatoms arrive by di-
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rect impingement as well as diffusion on the substrate and the sidewall, as depicted in
Fig. 5.20(b). [77,98,99,193] Impingement from the vapor is in turn subject to shadowing by
other NWs. [121] These factors may play a role in InxGa1−xN NW growth, [249] because In
adatoms enhance the diffusivity of Ga atoms on the substrate [238] and on the NW side-
wall, [169] as was demonstrated in Sec. 5.4.3. It is unclear so far how these mass transport
effects contribute to the final alloy composition. For example, In diffusion along the NW
sidewalls increases with T, i. e. at higher T more In should be supplied to the top facet.
At the same time, within the experimental range of temperatures, In desorption from the
sidewalls might also decrease the diffusion length for increasing T and lead to a non-
monotonic dependence of the In supply on T. Another fundamentally new aspect of NW
growth is that strain in heterostructures relaxes elastically at the free NW sidewalls, and
hence the strain state changes along the NW radius. This non-uniform interface strain
may also affect the In incorporation, which is thought to be favored in the center of the
NW top facet. [170,204,215]
5.6.2 In-situ growth control by line-of-sight quadrupole mass spectrometry
In another series of GaN NW samples with InxGa1−xN/GaN MQWs, provisions were
made to measure the In desorption in situ. The growth temperature of the active region
was varied between 588 ◦C and 631 ◦C. All other parameters were kept identical, with
ΦN = 13 nm/min, ΦIn = 0.8 nm/min and ΦGa = 0.8 nm/min, yielding a V/III flux ratio
of 8.1 for the growth of the active region. The series used in this section is numbered 23,
and the detailed listing of growth parameters can be found in App. A.
Equation (5.7) shows that for a quantitative description of In incorporation it is essen-
tial to measure In desorption. In MBE, the mean free path of atoms which have escaped
the sample surface is long enough to assess desorbing fluxes by line-of-sight quadrupole
mass spectrometry. [84,85] As was shown in Fig. 3.1(a), the QMS is mounted in an effusion
cell port at an angle of 21◦ to the surface normal. Atoms desorbing from the substrate
can reach the QMS through an aperture which defines a circular collection area with a
diameter of about 3 cm centered on the 2′′ wafer. The In partial pressure, detected by the
QMS with a sensitivity of 10−12 torr, scales linearly with the desorbing In fluxΦIn,des from
the substrate surface.
The partial pressure reading is significantly influenced by two factors. First, the high
N background pressure of 10−5 torr during the growth changes the QMS response. Sec-
ond, the directional characteristic of desorption from the substrate depends on the exact
NW geometry. To quantify ΦIn,des with the observed partial pressure therefore requires
a calibration for an identical NW geometry and background pressure. This procedure is
shown in Fig. 5.21(a). After the growth of the self-induced GaN NW base the Ga flux is
stopped at time t = 0 while the supply of active N continues and the substrate is held at
about 800 ◦C. The In shutter is opened for 2 minutes. At this high temperature, all In ar-
riving at the substrate desorbs and the In partial pressure detected by QMS immediately
rises to the level corresponding to 100 % of the incident In flux. When the In shutter is
closed, the In partial pressure instantaneously drops to the background level, i. e. 0 % of
the incident In flux. Between t ≈ 300 s and t ≈ 900 s, T is stabilized at 604 ◦C in prepara-
tion of the growth of a long InxGa1−xN segment. Figure 5.21(a) shows that upon opening
the In shutter again for several minutes, the In desorption does not attain the level of the
impinging flux, with the remaining In being incorporated into the NWs. In this particular
case, 52 % of the incident In flux desorbs, and hence 48 % is incorporated.
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Figure 5.21: In desorption from the sample surface during the growth of InxGa1−xN/GaN
NWs by MBE. (a) Calibration of full desorption and background pressure. In
addition to the In partial pressure measured by line-of-sight QMS, the status
of the In shutter and the substrate temperature are indicated. (b) Comparison
of InxGa1−xN QW and extended NW segment growth at the same temperature.
The amount of desorbing In is given relative to the full desorption as described in
(a). (c) In desorption during InxGa1−xN QW growth for experiments at different
substrate temperatures (series 23). [202]
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Figure 5.22: (a) InxGa1−xN QW composition x as predicted from desorbing In flux by
Eq. (5.7), shown as boxes and error bars. The solid line represents the heuris-
tic model for the In loss with the fit parameters as determined from (b). (b)
Arrhenius-like plot of the experimentalΦIn,des from line-of-sight QMS. The solid
line shows the fit with Edesa = 2.3± 0.4 eV.[202]
For the samples under investigation, InxGa1−xN QWs were introduced by opening the
In shutter for 54 s. In Fig. 5.21(b), the In desorption during the growth of two consecutive
QWs is shown by the blue line. The experiment was carried out at the same T as the
growth of the longer InxGa1−xN segment in Fig. 5.21(a), of which the relative In desorp-
tion profile is repeated for comparison. Steady state with an In desorption of 53% of the
incident In flux is reached in the last 20 s of the QW growth. This is very close to the
In desorption observed during the segment growth. During the growth of consecutive
QWs, the same desorption signal is attained, indicating the formation of QWs with equal
composition. Figure 5.21(c) compares the In desorption during the growth of the second
QW in the whole series of experiments, with the arrows indicating the average reading
over the last 20 s of the shutter opening time. As expected, more In desorbs at higher T.
The fact that in Fig. 5.21(c) the indicated desorption at 625 ◦C is higher than at 631 ◦C can
be attributed to an experimental error of ±8% in the determination of ΦIn,des.
5.6.3 Quantification of In loss
The data of Fig. 5.21(c) is analyzed now on the basis of the atomic processes described in
section 5.6.1. To this end, the relative desorbing In flux values are converted into absolute
fluxes, based on the calibration of the impinging In flux in equivalent growth rate units.
The significant benefit of QMS is that with the data for the impinging and desorbing In
fluxes, one can directly calculate the InxGa1−xN composition via Eq. (5.7). The predicted
x is shown in Fig. 5.22(a) by the box symbols and error bars. A possible systematic error
in the calibration ofΦIn andΦGa is not taken into account. Within the QMS measurement
uncertainty, the In content decreases with increasing substrate temperature, as was found
ex situ in the series of samples analyzed in Sec. 5.5, and as is also the case for planar
layers. [239,244,246] The fairly large range of observed In concentrations demonstrates the
crucial role of the substrate temperature. Very importantly, the QMS monitoring allows
the in-situ control of the ternary alloy formation.
As the next step, the dependence of the In loss on T is analyzed. The growth of the NW
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samples was N-rich. Therefore, InN decomposition, In reincorporation and In desorption
determine the total In loss, which is accessible to the measurement as In desorbing from
the substrate during the growth. The experimentally observed increase of In desorption
with T follows
ΦIn,des = C′x exp(−Edesa /kBT), (5.8)
as the Arrhenius-like plot in Fig. 5.22(b) indicates. The dependence of ΦIn,des on x is
written in analogy to Eq. (5.5), because decomposition of InN is one of the processes in-
volved in In loss, and the resulting desorbing flux certainly depends on x. The fit result
Edesa = 2.3± 0.4 eV is an ‘apparent activation energy’ for the convolution of decomposi-
tion, reincorporation and desorption from all parts of the sample. Edesa is higher than the
published value of Edeca = 1.2 eV for InN decomposition from the N-polar surface. [248]
This contrast to the growth of planar layers under metal-rich conditions reveals the im-
portance of In reincorporation and desorption during the growth of InxGa1−xN NWs
under N-rich conditions. The value obtained here is similar to the activation energy of
2.5 eV that is given in Ref. 248 for In desorption from a liquid adlayer. However, this
cannot be the sole origin of the apparent activation energy, because desorption from such
an adlayer would not depend on x as is the case in Eq. (5.8).
Analogously to the growth model for InxGa1−xN under metal-rich conditions which
was cited in section 5.6.1, [239] one can formulate a quantitative model for the growth
of InxGa1−xN NWs by MBE. Equation (5.8) can be substituted for ΦIn,des into Eq. (5.7).
Solving the quadratic equation yields
x =
ΦGa +ΦIn + A−
√
(ΦGa +ΦIn + A)2 − 4AΦIn
2A
, (5.9)
where A stands for C′ exp(−Edesa /kBT). Evaluating this expression with the fit result
from the Arrhenius-like plot in Fig. 5.22(b) delivers the InxGa1−xN composition shown
by the line in Fig. 5.22(a). The agreement with the predicted composition for the individ-
ual samples (boxes and error bars) is good because the fit parameters C′ and Edesa were
obtained from the same set of experiments. These parameters are not universal constants
and the model is therefore heuristic and has to be calibrated for each experimental setup.
5.6.4 Ex-situ verification of the growth model for InxGa1-xN nanowires
To verify the magnitude of the change in InxGa1−xN composition as a function of T with
an established ex-situ tool, symmetric Bragg x-ray diffraction (XRD) experiments were
performed. The profiles are shown in Fig. 5.23, and the arrows indicate the zeroth and
±1st order superlattice satellite peak positions. Still, the zeroth order superlattice peak
position ω0 can be determined with reasonable accuracy, and the average lattice constant
of the superlattice is then given by Braggs’s law (Sec. 4.2). Vegard’s law provides the
average composition xavg in the axial NW superlattice as was shown in Sec. 4.3.3. In the
inset in Fig. 5.23, xavg is shown as a function of T. The average composition xavg decreases
by a factor of three between the samples grown at 588 ◦C and 631 ◦C.
The prediction for x from the QMS data in Fig. 5.22(a) decreases only by a factor of
two between the same samples. Two factors may contribute to this deviation. First, XRD
probes a single spot on the sample which is much smaller than the collection area of
QMS. The substrate temperature is inhomogeneous and if the collection area contains
slightly cooler regions, the In desorption at high growth temperatures is systematically
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Figure 5.23: Symmetric Bragg XRD scans of InxGa1−xN/GaN NW superlattice samples (se-
ries 23). The inset shows the average superlattice composition xavg derived from
the zeroth order peak position ω0. [202]
underestimated by averaging over the collection area. Then, x is overestimated from
QMS data. Second, any parasitic incorporation of In on the NW sidewalls would reduce
the desorbing In flux and again x would be overestimated.
A meaningful confirmation of the activation energy for the In loss as obtained from the
QMS data in Fig. 5.21(c) requires the extraction of the In content x in the QWs from the
XRD data. Here, the same reasoning as in the previous section is used: The composition
x can be derived from dwellx = dSLxavg if the contribution of the QW thickness dwell to
the superlattice period dSL is known, which is obtained from the XRD superlattice peak
separation. For this series of samples (series 23), dSL amounts to 10.4 nm with a stan-
dard deviation σd,SL = 0.5 nm between samples. However, only a rough estimate of dwell
between 2.4 nm and 5.0 nm can be given, based on calibrated axial growth rates. (The
comparison with a growth series allowing the extrapolation of barrier thicknesses that
was helpful for the estimate of dwell in Sec. 5.5 is not available here.) The QW thickness
in self-induced NW ensembles fluctuates randomly by as much as σd,well = 2 nm within
one sample (Sec. 4.2), and the estimate of dwell for the ensemble of NWs can therefore not
be verified within a microscopic analysis. As a result, the In loss can be judged from the
XRD data only with a considerable error. This further highlights the importance of the
QMS data.
Figure 5.24 shows estimates of the In content in the QWs as obtained from XRD. The
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Figure 5.24: Estimates of x from XRD for the InxGa1−xN/GaN NW samples. The values were
obtained for assumed QW thicknesses of 2.4 nm (squares), 3.3 nm (triangles) and
5.0 nm (diamonds). The lines represent the prediction for x based on XRD data
(blue) and in-situ QMS data (green and thick). [202]
values for x are given for different estimates of dwell as 2.4 nm, 3.3 nm, and 5.0 nm. As-
suming dwell = 2.4 nm implies that x for the sample grown at 588 ◦C is almost 50 %, which
in turn means that no desorption occurs. Desorption was clearly observed in QMS, how-
ever, and therefore sensible estimates of dwell should be higher. If, on the other hand,
dwell = 5.0 nm is assumed, there is another contradiction to the QMS data. The resulting
x from XRD is then much lower than the prediction from QMS, and one would be forced
to conclude that QMS detects only a very small fraction of the In lost during QW growth.
In view of the careful QMS calibration described above, this seems unlikely. A QW thick-
ness dwell = 3.3 nm is a reasonable estimate, giving compositions in the middle between
these boundary cases.
For the three estimates of dwell, ΦIn,des is obtained by Eq. (5.7) and the values for Edesa
when fitted to Eq. (5.8) range between 4.1± 1.0 eV and 2.2± 0.2 eV. (The error increases
with the experimental error in x. As a result, the error in Edesa , if obtained from XRD data,
is large for small dwell and vice versa.) For dwell = 3.3 nm, Edesa = 2.7± 0.3 eV matches
and confirms the value obtained from QMS. The dependence of x on T according to
the model in Eq. (5.9) with the fit parameters as derived from XRD is given by the thin
blue line in Fig. 5.24. The thick green line shows the higher prediction of x with the fit
parameters from QMS. The deviation is due to the systematically different estimate of the
composition between XRD and QMS as discussed above. The heuristic model expressed
in Eq. (5.9) can be used in both cases, however, and the apparent activation energy as a
fit parameter is equal in XRD and QMS within the errors.
This description of InxGa1−xN growth based on the net material flux to the growing
alloy does not require the analysis of individual mass transport paths. This does not mean
that mass transport phenomena never play a role. Sekiguchi et al. had conducted selective
area growth experiments, and shown that more closely spaced NWs incorporate more
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In. [249] Within the picture of the net material supply to the growing InxGa1−xN at the
NW tip, this indicates significant desorption from the NW sidewalls into the vacuum. In
that case, however, the regular distance between the NWs was up to 300 nm. In contrast,
free lengths of only tens of nm are found in the self-induced NWs (see Fig. 5.1) studied
here, and the probability of escape of In atoms from the sidewalls is much lower. [125]
5.7 Conclusion
InxGa1−xN/GaN MQWs in NWs can rationally be produced by bottom-up growth in
MBE. The statistic nature of the self-induced growth process leads to large ensemble fluc-
tuations and complicates the analysis in microscopy, but also in volume-probing meth-
ods. The new findings in this chapter are based on the in-situ desorption measurement
by line-of-sight QMS and the ex-situ laboratory XRD measurements.
InxGa1−xN segments in NWs grow in MBE at temperatures around 600 ◦C under N-
rich conditions. The microstructure of the InxGa1−xN insertion was detailed in Sec. 5.3.
With regard to the polytype, RHEED and HRTEM observations confirm synchronous
reports that sections of cubic GaN are formed in the MQW region. There is no indica-
tion, however, of significant formation of InxGa1−xN of the cubic polytype. Microscopy
data has revealed the shape, and to some extent the dimension of the InxGa1−xN inser-
tions. Like in other synchronous reports, it remains a challenge to distinguish clearly
between disk-like InxGa1−xN segments covering the whole C-plane facet of the NW, and
InxGa1−xN insertions surrounded by a GaN shell. Based on the individual TEM and
HRTEM images shown in this work, a GaN shell seems to be present. This is made plau-
sible by the finding in Sec. 5.4.3, that Ga diffusion on the sidewalls is reduced at the
growth temperature of the active region. The evolution of the NW side facets during the
growth of the MQW region is directly correlated to a change in the effective V/III ratio as
evinced by the in-situ measurement of In desorption. If prolonged In desorption occurs
after shutter closure, this indicates surplus In on the surface, and thus metal-rich growth,
which favors lateral expansion of the NWs.
The lengths of short NW segments were studied in the laboratory by x-ray diffraction
from the axial NW superlattices. As described in Sec. 5.4, series of growth experiments
were designed that permit the interpretation of the x-ray measurements despite the am-
biguity of the x-ray profiles due to ensemble fluctuations on the sample. An unforeseen
effect was discovered, the relative acceleration of axial GaN NW growth in the presence
of In adatoms. This effect needs to be taken into account when designing a growth ex-
periment for a specific target thickness of the QWs.
The issue of composition analysis in short InxGa1−xN NW segments was addressed in
Sec. 5.5. A quantitative ex-situ composition analysis was performed by by x-ray diffrac-
tion and Raman spectroscopy, with support of the conclusion from one HRTEM image
and GPA. It was seen that the error bars are very large, a phenomenon intrinsic to the
self-induced NW growth. Nevertheless, methods are available for the first time that al-
low to correlate the InxGa1−xN composition in NW MQWs with the growth conditions
and, as we shall see in the following chapter, with the optical properties.
Section 5.6 demonstrated that the formation of the ternary alloy InxGa1−xN in NWs
can be treated in the same framework as planar layers: the thermally activated In loss de-
termines the alloy composition. The resulting composition as a function of growth tem-
perature can be modeled with an Arrhenius-like behavior of the loss from the substrate
surface. For the quantitative description of the In loss it has not been necessary to invoke
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effects of mass transport. Thus, one can speculate that in these experiments mass trans-
port did not limit In incorporation. There are two limitations to the analysis presented
in this thesis. First, any elastic effect on the InxGa1−xN composition during the growth
would lead to a non-uniform distribution of In within the NW. [170,204,215] The descrip-
tion here is limited to the average composition, because the characterization methods
employed here, QMS and XRD, probe the entire InxGa1−xN NW ensemble. The second
limitation is that the present data for N-rich growth do not permit to disentangle the
activation energies for the processes of decomposition, desorption and reincorporation.
The discussion of the atomic processes implies that growth experiments under metal-rich
conditions could help to quantify the individual activation energies, but such conditions
would prevent the growth of NWs. These observations have important consequences
for the development of growth strategies. The alloy formation can be regulated via the
substrate temperature and controlled in situ by QMS.
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heterostructures
How does the structure of InxGa1−xN QWs in GaN NWs relate to the color and intensity
of light emission? To which extent can the lattice mismatch strain be reduced in NW
heterostructures compared to planar films? With the knowledge presented in the last
chapters, InxGa1−xN/GaN NW heterostructures can systematically be grown by MBE
to a range of specifications. In this chapter, their elastic and optical properties will be
analyzed and compared to physical models. The intentions of this chapter are twofold:
to understand the unique properties of the MBE-grown nanostructures, and to put into
perspective their application in nanowire LEDs.
After a short review of the literature, the different degrees of freedom in the design of
axial heterostructures are summarized. Dedicated series of growth experiments address
these structural parameters, and the effects of systematic changes will be shown as an
overview. Then, the luminescence of the InxGa1−xN/GaN NW heterostructures will be
analyzed in detail and compared to physical models of the light emission. LED devices
are presented, which contain the heterostructure developed in this thesis, and their per-
formance is discussed. Finally, the distinguishing feature of these nanostructures, the
strain relaxation inside the NW segments, is experimentally proven. The applicability of
geometric estimates of the average strain is experimentally verified and compared to the
theory from Ch. 4. In this way, the possibilities and limitations of strain engineering in
NW heterostructures are clarified.
6.1 Previous studies of InxGa1-xN/GaN nanowire properties
In parallel with the reports on GaN and InxGa1−xN NW growth, a small body of litera-
ture about their properties had evolved at the time of starting this thesis. Driven by the
potential application in solid state lighting, and certainly due to the relative simplicity of
photoluminescence studies, most early reports focused on the optical properties.
Even before the properties of InxGa1−xN heterostructures in NWs were studied sys-
tematically in experiment and theory, they were manufactured as a part of nanocolum-
nar LED structures. Numerous production methods were demonstrated, which can be
grouped into
• top-down etching from planar LED structures, mostly grown by MOVPE, and shown
repeatedly since 2001, [46,250,251]
• and bottom-up fabrication by nanocolumnar crystal growth in MO-HVPE [49] and
MBE, [8,223] first shown in 2004.
These works were motivated by efficiency limitations in planar LEDs. Advantages dur-
ing crystal growth, fewer heterointerface defects and higher In incorporation, were ex-
pected from the bottom-up techniques. Other benefits of the nanostructure, lateral strain
relaxation and enhanced light-outcoupling, were expected from both approaches.
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A study of top-down fabricated NW MQW structures by Chen et al. had shown an
enhancement of the room temperature PL intensity in the NWs compared to the as-grown
bulk sample. [250] They concluded that the photoluminescence is robust to the etching
and surface recombination did not pose a problem to nitride NWs. Shing-Chung Wang
and co-workers showed a small blueshift and broadening in room temperature PL of
etched NW MQWs compared to the as-grown planar sample. [44] For the cause of the
blueshift, they considered a reduction of the piezoelectric field due to strain relaxation,
and hence a reduction of the QCSE. A later work from the same group added a numerical
strain calculation to justify non-uniform relaxation, and hence broadening of the emission
spectrum. [45]
Etched NW structures also delivered the experimental data for a detailed modelling
of the strain relaxation and electron and hole recombination inside InxGa1−xN QWs in
NWs, published in 2009 by Wu et al. [46] They analyzed InxGa1−xN/GaN NWs with dia-
meters between 120 nm and 300 nm, containing a 100 nm-thick axial MQW stack. A re-
duction of the QCSE due to increased strain relaxation for thinner NWs was deduced
from PL experiments in two ways: Both at room temperature and at 20 K, the emission
was blueshifted for smaller diameters. Time-resolved PL experiments (TRPL) at low tem-
perature showed the radiative decay time to be reduced for thinner NWs, indicating a
better overlap of the electron and hole wavefunctions. The strain distribution was calcu-
lated, and the recombination energy was obtained at different radial positions in the NW
from 1d-Schrödinger-Poisson calculations. Wu et al. concluded that the higher-energy
part of the emission originates from the more strain-relaxed periphery of the quantum
disks, because of higher emission rates. Their view was contested later because it does
not provide for a lateral change in carrier density. [252]
Only bottom-up grown NW MQWs can exploit advantages of the NW geometry dur-
ing crystal growth, but they are in principle harder to study than etched NWs for several
reasons: (i) no reference data from the planar device can be used, (ii) statistic thickness
fluctuations and crystallographic misalignment play a role, and (iii) the exact shape of
the InxGa1−xN QWs is often speculative (see Sec. 5.3.1). Few studies had been published
on the luminescence of nominally uniform self-induced InxGa1−xN NWs, and the sim-
ple conclusion is that higher In content, obtained by lower growth temperature, leads
to lower luminescence energy. [103,195] The pioneering work on bottom-up grown GaN
nanowire LEDs on Si with InxGa1−xN/GaN heterostructures by Katsumi Kishino and
co-workers reported room temperature electroluminescence in the green to red spectral
range. [8] This group later studied the luminescence of GaN NWs on sapphire with one
single axial InxGa1−xN QW. They measured single NWs, and explained the broad PL
spectrum of an ensemble of NWs as the superposition of sharp individual lines at vary-
ing energies. [159,160] They also found a biexponential PL decay, with decay times two
orders of magnitude smaller than in comparable planar QWs, which they attribute to a
suppression of the internal piezoelectric field in the NWs.
The magnitude of the QCSE in axial NW QWs had been an unresolved question.
Whereas the early results of Kishino’s group did not show the typical PL blueshift under
higher excitation, [159,160] it was observed by Armitage et al. [223] Further, none of the ear-
lier studies on InxGa1−xN NW luminescence quantify the QW or segment composition
independently, and therefore cannot correlate luminescence and structure quantitatively.
Strain relaxation in NW heterostructures had been treated theoretically and experi-
mentally since 1998, [164,210] and was clearly put in evidence for InxGa1−xN/GaN NWs
by Stacia Keller et al. in 2006. [211] They etched a patterned array of nanocolumns and
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nanowalls out of an MOVPE-grown coherent planar MQW. The change of the in-plane
lattice parameter in the MQW was shown by laboratory x-ray diffraction before and after
etching. As was later shown theoretically, [174] the NW and MQW dimensions in these
experiments were in the limits for full lateral relaxation that were stated in Sec. 4.3. An
effect of the strain relaxation on the optical properties was not shown.
6.2 Design options: InxGa1-xN segment composition, thickness
and strain
The three principal degrees of freedom in the design of the axial NW MQWs are the
InxGa1−xN composition x and segment thickness dwell, and the average strain, defined
by the thickness ratio dbarrier/dSL. As is established in this work, it is a unique property of
axial MQWs in NWs that the strain in a given QW can be defined by the barrier thickness.
In contrast, coherent growth of planar films on a bulk substrate defines the QW strain
state irrespective of dbarrier. How these parameters affect the optical properties of the NW
heterostructure is shown now in a compact overview.
The effect of a variation in x is shown in Fig. 6.1(a). The room temperature photolumi-
nescence is given for a series of InxGa1−xN/GaN NW samples with all other parameters
identical. With decreasing x, the emission peak shifts to higher energies. This is in line
with the expected behaviour of a planar QW, even though the absolute emission energy
and intensity cannot be explained with the simple model outlined in Sec. 2.2.2, as will
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(a) Samples with a variation in QW compo-
sition x, created by changing the growth
temperature of the active region (series 19).
The composition is estimated for dwell =
5 nm (see Sec. 5.5). TEM images of the
sample with x = 11.5% are shown in
Fig. 5.3(b).
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(b) Samples with a variation in QW thickness
dwell, created by changing the QW growth
time twell (series 11). A rough estimate
for the QW thickness is indicated: dwell =
2twellΦGa. STEM images of the sample
with dwell = 3.6 nm are shown in Fig. 5.2.
Figure 6.1: Room temperature photoluminescence of axial InxGa1−xN QWs in GaN NWs
with an excitation at 3.0 eV (413 nm). Note the logarithmic intensity scale and the
extremely large drop in intensity with blueshifting emission. Sharp lines around
2.9 eV are an artifact. Shortly before 3.0 eV, the signal is cut off by the filter. The
data was acquired by C. Hauswald.
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be shown later. The indicated values for x are estimates based on x-ray diffraction peak
positions (from Sec. 5.5).
In Fig. 6.1(b) a series of samples with a variation in dwell is presented. In this series,
x is constant. The emission energies are blue-shifted with decreasing dwell. Again, the
systematic change in emission energy would fit the assumption of a QCSE as in planar
QWs, but this model is contradicted by the increasing intensity towards lower emission
energies. The indicated values for dwell are rough estimates, which are obtained from
the QW growth time, the calibrated Ga flux and a factor of two, which accounts for the
enhanced QW growth rate (from Sec. 5.4.3).
The ratio dbarrier/dSL defines the average strain in the QW, as was shown in Sec. 4.3.2.
That this is really the case in experimental structures can be seen in the Raman spectra in
Fig. 6.2(a). Data from a series of samples with a variation of dbarrier is shown. All other
structural parameters are identical. The InxGa1−xN E1(LO) phonon peaks, connected by
the thick gray line as a guide to the eye, shift systematically to higher frequencies with in-
creasing ratio dbarrier/dSL, indicating an increasing average strain. The room temperature
photoluminescence of the same series of samples is depicted in Fig. 6.2(b). It is evident
that the luminescence differs strongly from sample to sample. The strain distribution
within the QWs is non-uniform, as was shown in Sec. 4.3.1, and the QW luminescence
can not be analyzed simply in terms of the average strain.
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(a) Raman spectra, showing a systematic shift
of the E1(LO) phonon peak to higher fre-
quencies with increasing average strain.
(Samples from series 27.)
       
         
,Q
WH
QV
LW\
D
UE
X
QL
WV

3KRWRQ(QHUJ\H9
λQP
GEDUULHUG6/



(b) Room temperature photoluminescence,
three samples chosen from (a), excita-
tion at 3.0 eV. The data was acquired by
C. Hauswald.
Figure 6.2: Optical properties of axial InxGa1−xN QWs in GaN NWs with a variation in
strain, created by changing the barrier segment growth time. (The average strain
in the QWs is shown in Sec. 6.5.2 to change linearly with dbarrier/dSL.)
106
6.3 Luminescence
6.3 Luminescence
Light is emitted from the InxGa1−xN crystal by the relaxation of excited charge carriers.
This is achieved in several ways:
Photoluminescence (PL) Charge carriers are excited by an incident laser beam. PL is a
versatile, fast, non-destructive method which is routinely used in commercial pro-
duction. In the laboratory, areas between 1 µm and tens of microns [159] can be illu-
minated, allowing to address large NW ensembles or well-spaced individual NWs.
PL can operate through a window on samples in a cryostat. InxGa1−xN can be selec-
tively excited in heterostructures by choosing a laser line below the GaN bandgap.
Cathodoluminescence (CL) An electron beam in a scanning electron microscope excites
charge carriers in the material, and within the carrier diffusion length, the light
emission can be spatially correlated with SEM images.
Electroluminescence (EL) The goal of device development for solid state lighting is, of
course, electrically driven light emission. Favorably, electrons and holes are injected
into a p-n junction under electric current. EL measurements on InxGa1−xN/GaN
NWs require the growth of a full LED structure and electrical contacting, and the
results reflect the quality of the whole device and not only the active region.
Ensembles of NWs with statistic structural fluctuations possess distinct emission centers,
which are visualized in this section by PL microscopy and CL. As a prerequisite to under-
standing the behavior of NW LEDs, these methods are used to analyze the local origin
of the spectral components of the luminescence from as-grown InxGa1−xN/GaN NWs.
The systematic investigation of ensemble luminescence then relies on PL with selective
excitation of the InxGa1−xN QWs. The main results of this section were published in Ref.
220.
6.3.1 Distinction of single emission centers in nanowire ensembles
The description of the luminescence in this section is based on spectroscopy data from
three independently grown NW samples. All samples possess six axial InxGa1−xN QWs.
A photoluminescence spectrum from the first ensemble is shown in Fig. 6.3(a). The exci-
tation is at 3.8 eV, that is above the band gap of GaN, and the sample is observed in plan
view. The spectrum shows main emission bands at three peak positions:
2.2 eV, emission from the InxGa1−xN QWs.
3.0 eV, attributed to emission from insertions of cubic GaN (c-GaN). [81] (Evidence for the
formation of c-GaN was shown in Sec. 5.3.2.) The redshift with respect to the c-GaN
room temperature band edge of 3.2 eV may be explained by the quantum-confined
Stark effect (QCSE) in thin layers of c-GaN in a matrix of hexagonal GaN. [219]
3.4 eV, the free exciton transition in the strain-free GaN NW base.
The identifaction of these luminescence bands will be backed in the following section by
comparing the change in the ensemble luminescence for samples with different InxGa1−xN
composition. Judging the origin of a luminescence from one ensemble spectrum alone
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is difficult and has led to errors.a Especially attributing the PL emission at 2.2 eV to
InxGa1−xN requires proof, because GaN defect luminescence, known as the ‘yellow lu-
minescence’, is also commonly observed in this energy range. [254]
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C. Pfüller.
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gies, over an SEM image. The spatial distribution
of the emission is shown in false color on an SEM
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Figure 6.3: Comparison of the ensemble photoluminescence and cross-section cathodolumi-
nescence of one GaN NW sample with InxGa1−xN/GaN MQWs. (An SEM close-
up of the NW tips was shown in Fig. 5.7.)
Jonas Lähnemann localized the origin of the emission on the InxGa1−xN/GaN NW
ensemble by investigating the cathodoluminescence in an SEM. A cross section image is
shown in Fig. 6.3(b). The intensity of cathodoluminescence for three detection energies
is laid over the image in false color. Emission at 2.2 eV (marked in green) is observed
exclusively in the MQW region. CL at 3.0 eV (marked in blue) appears above the NW
base, in keeping with the claim that it originates from c-GaN, which is formed at the
lower growth temperature of the active region. Finally, CL at 3.4 eV (marked in red)
originates mainly from the NW base. The spatial distribution of these three emissions
was observed in all of the analyzed samples. Figure 6.4 shows room temperature CL
data from another specimen. A spectral linescan is given in Fig. 6.4(a). Again, intense
emission at 2.2 eV originates in the active region. c-GaN emission at 3.1 eV is detected
just above the GaN base NW. The base shows a luminescence of 3.4 eV, but only above a
height of 200 nm. J. Lähnemann attributed this fact to a higher density of defects which
act as nonradiative recombination centers at the bottom of the NW. A weak luminescence
from the base NW at 2.2 eV is attributed to defects (yellow luminescence). The CL and
SEM overlay in Fig. 6.4(b), where the CL from InxGa1−xN and GaN is marked green and
blue, respectively, indicates that the linescan is typical for this sample. Nevertheless,
linescans of other NWs from the same sample (data not shown) exhibit variations in the
spatial and spectral positions of the InxGa1−xN and c-GaN luminescence.
As seen in the CL overlay image in Fig. 6.3(b), the luminescence can fluctuate signifi-
cantly from NW to NW. This fluctuation is addressed now by PL microscopy on a third
sample. PL microscopy, or fluorescence microscopy, is an efficient way to measure lu-
aLow-temperature luminescence from InxGa1−xN QWs in NWs was identified by one report at 3.26 eV, [253]
but may have been a donor-acceptor-pair transition in GaN. [254] Another line observed at 3.34 eV [255]
may correspond to c-GaN segments. [26,219] The same misinterpretation was likely applied to room tem-
perature EL at 2.95 eV. [51]
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(a) Symbolized NW geometry (not to scale)
and CL line scan of one individual
NW at room temperature. The color
palette represents the CL intensity on a
log. scale.
(b) CL and cross-section SEM of the NW ensem-
ble. CL at 3.4 eV is marked in blue, CL at 2.2 eV
in green.
Figure 6.4: Cathodoluminescence at different heights in another InxGa1−xN/GaN NW en-
semble. The six InxGa1−xN QWs emitting at 2.2 eV can not be distinguished.
c-GaN emission at 3.1 eV is observed at the beginning of the active region. GaN
emission at 3.4 eV is observed in the base NW above a heigth of 200 nm. The data
was acquired by J. Lähnemann.
minescence simultaneously across the as-grown NW ensemble. [158] Figure 6.5 shows the
fluctuation in color and intensity across this sample. The images are taken at different
positions 1 – 4, all away from the wafer center, with the growth temperature being the
highest at position 1 and decreasing systematically to position 4. With lower growth
temperature, more In is incorporated, the InxGa1−xN band gap is smaller, and light of
lower energy is emitted on average. For this reason, the ensemble color in the images
changes from green to orange. The quantitative change of the emission energy with the
InxGa1−xN composition will be the subject of the next section. The statistical fluctuation
within one image is broad, and individual spots from green to red can be found in all
four images, indicating significant variations from NW to NW.
Figure 6.5: False color PL images of room temperature photoluminescence. The InxGa1−xN/
GaN NW ensembles as-grown on one wafer were selectively excited at
2.54 eV. [157] The images 1 – 4 were acquired at positions on the wafer with decreas-
ing growth temperature. The emission was collected through band pass filters at
530–590 nm (green-yellow) and 590–690 nm (orange-red). The two channnels are
superimposed to form these color images. The spots in the images are diffraction-
limited and do not correspond to individual NWs. The data was acquired by
S. De, Indian Institute of Technology Bombay, Mumbai.
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The fluctuation in luminescence across a sample raises the question if all of the NWs
emit light in the InxGa1−xN band. The CL data from the second sample can be used for
this purpose. Figure 6.6 shows an overlay of CL at 2.3 eV (marked in green) on a plan
view SEM image. All the NWs contribute to this emission. It has been discussed recently
by Friederich Limbach et al. that the density of luminescence spots in such samples is
a function of coalescence. If the NWs are more connected than in the case of Fig. 6.6,
carriers may diffuse toward energetically more favorable localization centers, and the
number of luminescent spots will be reduced. [57]
Figure 6.6: Cathodoluminescence at 2.3 eV in plan view, indicating that InxGa1−xN emission
originates from all NWs on the sample. (5 kV, slit 5 mm, i. e. broad bandpass of
50 nm) The data was acquired by J. Lähnemann.
If one takes into account that the QW geometry defines its strain state, and that the
InxGa1−xN luminescence depends critically on the composition, the strain and the QW
thickness, then structural fluctuations are expected to result in a variation in lumines-
cence. The structural fluctuations from NW to NW have been observed in microscopy,
and were also used to explain the broadening of the XRD profiles. From the structural
analysis presented in Ch. 5, it is not clear how similar the InxGa1−xN QWs within one
NW are to one another. This raises the question whether the study of the luminescence
properties can help to compare individual QWs. To detect luminescence from individual
QWs, a high spatial resolution in the spectroscopic measurement is required. The best
resolution is obtained in CL, where it is generally given by the scattering length (of about
30 nm in these studies) [256] and the diffusion length. In the NWs studied here, the carrier
diffusion may be limited by the next QW, where carriers are trapped. [257] The CL overlay
in Fig. 6.3(b) shows a sample with a particularly wide spacing of the QWs, dSL = 33 nm.
Yet, the QWs can not be separated in CL. No information about the uniformity of QWs
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within one NW can therefore be obtained. Tourbot et al. recently reported on the CL of a
similar structure, obtained in a scanning transmission electron microscope. [204] They con-
cluded that the CL emission from individual QWs has a tendency to shift to the red along
the growth axis. It is unclear so far if this effect is systematic. It must be stressed that in
any case, the effect is very small compared to the fluctuation in luminescence between
NWs. [204]
To summarize, all of the NWs in an ensemble emit light from the active region with
significant fluctuations in wavelength and intensity. The emission from individual QWs
cannot be resolved.
6.3.2 Photoluminescence of InxGa1-xN/GaN nanowire ensembles with different
composition
The effect of the InxGa1−xN composition on the luminescence of NW heterostructures can
be clarified now with the experimental data from the series of samples whose composi-
tion was carefully analyzed in Sec. 5.5 (series 19). In this series, different compositions
were achieved as a function of the growth temperature Ta of the active region. Room
temperature photoluminescence (PL) spectra are presented in Fig. 6.7(a) for excitation
at 3.8 eV, i. e. above the band gap of GaN. As expected, they show three main emission
bands. The spectra are normalized to the free exciton transition of 3.4 eV in the strain-free
GaN NW base. The second peak at 3.0 eV is again attributed to emission from insertions
of cubic GaN. The third PL emission peak in the energy range from 2.2 eV to 2.5 eV shifts
systematically with Ta. In view of the variation in In content with Ta, we attribute this
emission to the InxGa1−xN QWs. The shift in the peak position can be seen more clearly
in the normalized spectra depicted in Fig. 6.7(b) which were obtained by direct excita-
tion at 3.0 eV. This systematic shift proves that the emission at 2.2 eV cannot be identified
with the defect emission known as the ‘yellow luminescence’. [254] The intensity of the
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Figure 6.7: Room temperature PL spectra of InxGa1−xN/GaN NW axial superlattices grown
at different temperatures Ta (series 19). (a) Excitation at 3.8 eV (logarithmic). (b)
Direct excitation at 3.0 eV (linear). The data was acquired by C. Pfüller (a) and
C. Hauswald (b). [220]
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InxGa1−xN emission decreases drastically with decreasing In content. This decrease in
intensity with decreasing In content is unexpected and contradictory to experience with
planar InxGa1−xN structures. The ordinary expectation would be that lower In content
is accompanied by higher crystalline quality and a reduced QCSE, which would increase
the emission intensity (as introduced in Sec. 2.2.2).
6.3.3 Calculation of transition energies
Figure 6.8 shows the observed peak positions for the emission from c-GaN and from
the InxGa1−xN QWs as a function of Ta. To correlate the experimentally observed emis-
sion energies and structural parameters, Jonas Lähnemann calculated the expected tran-
sition energies by solving the one-dimensional Poisson and Schrödinger equations self-
consistently with a program provided by Greg Snider. [258] The inputs were the InxGa1−xN
QW thicknesses dwell, the compositions x derived from XRD, and the published values for
the bowed band-gaps, [35] the band-offset, [259] and the bowed polarization. [260] The sim-
ulated transition energies are added to Fig. 6.8 for comparison with the experimentally
observed PL peak positions. The green shaded range of values results from the estimates
for x derived from XRD with different assumptions for dwell as was discussed above (in
Sec. 5) and shown in Fig. 5.17(a). The PL at 3.0 eV is of almost constant energy, which sup-
ports the assignment of this emission to c-GaN insertions. In contrast, the luminescence
around 2.2–2.5 eV, assigned to emission from InxGa1−xN, systematically shifts to higher
energies with decreasing In content. However, this shift is significantly smaller than the
calculation predicts, regardless of the specific assumption for dwell. Thus, the situation in
the NW based axial InxGa1−xN QWs differs considerably from that of planar QWs, for
which one-dimensional calculations are in much better agreement with the experimental
emission energies. [261]
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Figure 6.8: Experimental PL peak positions and calculated planar InxGa1−xN QW transition
energies. The shaded area results from the maximum and minimum estimation
of x and dwell from XRD. [220]
6.3.4 Limitation of 1d-model and suggested carrier localization
Both the luminescence energy range observed here and the absence of bright emis-
sion above 2.7 eV normally expected for low In content are in accord with similar op-
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tical measurements in other reports where the In content was not determined indepen-
dently. [51–54,203,226,262] This agreement is intriguing because it indicates a universal charac-
teristic of axial InxGa1−xN/GaN NW heterostructures. Three types of carrier localization
have been discussed to influence the emission energy and intensity of such heterostruc-
tures.
• First, exciton localization induced by compositional fluctuations was observed in
similar samples. [160,203,224] Sharp lines in low-temperature PL at excitation energy-
independent positions are a signature of exciton localization. In addition to the
literature reports, this effect was recently observed by C. Hauswald on individual
NWs from the sample used in Fig. 6.4 (data not shown). Spatially direct exciton
recombination alone, however, would explain neither the low absolute intensity nor
the cross-over between the observed PL energy and calculated transition energy for
the highest In content seen in Fig. 6.8.
• Second, Lähnemann et al. saw that individual electron and hole localization in
separate potential minima with varying distance plays a role for InxGa1−xN QWs
in GaN NWs. [224] Very recently, R. Leonelli and co-workers reported on room-
temperature TRPL measurements on samples with a similar structure to the ones
studied here. [263] They found that the radiative decay approaches a power-law, i. e.
I(t) ∝ t−k. [264] This observation stands in contrast to the exponential decay known
from excitonic recombination, and indicates that electrons and holes are indepen-
dently trapped at potential fluctuations in the InxGa1−xN QWs. [265] A spatial sepa-
ration of electrons and holes implies a reduced oscillator strength, thus accounting
for the low PL intensity. If this separation occurs mainly in the lateral direction
which is not affected by the QCSE, the redshift could be reduced compared with
the one-dimensional calculations in axial direction.
• Third, a three-dimensional numerical analysis from B. Witzigmann and co-workers
indicates that axial InxGa1−xN/GaN NW heterostructures exhibit laterally inhomo-
geneous strain resulting in band bending and a lateral separation of electrons and
holes. [252]
Carrier separation could explain the low PL intensity. Moreover, numerical studies for
axial GaN/(Al,Ga)N QWs in NWs demonstrate that both geometry and chemical com-
position significantly affect the location of the potential minima in the conduction and
valence band leading to carrier localization. [266,267] It can further be taken into account
that the TEM images in Sec. 5.3.1 as well as those found in the literature [53,170,203] indi-
cate that the InxGa1−xN QWs are laterally embedded in a GaN shell in contrast to the
structure assumed in Ref. 252. Thus, although the detailed findings of Ref. 252 on where
electrons and holes are localized cannot be generalized, the inhomogeneous strain could
possibly account for the cross-over between the results of the one-dimensional model
and the observed PL. In conclusion, the experimental data shows a clear trend of emis-
sion energy with In incorporation, even though it is weaker than expected. This finding
suggests that the interplay of several mechanisms for carrier localization determines the
luminescence from NW based InxGa1−xN/GaN heterostructures.
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6.4 Impact of composition on InxGa1-xN nanowire LEDs
Nanowire LED demonstrator devices were made with the axial InxGa1−xN/GaN het-
erostructure developed in this thesis. To this end, samples were grown with the full
LED ‘recipe’ from Table 5.1 (p. 65). The active region was embedded in a Si-doped NW
base and a Mg-doped top segment. With the intention to show the change in emission
color observed in the last section, the growth temperature was varied in this LED se-
ries (series 28): the active region was grown at 603 ◦C and 619 ◦C. The as-grown NW
ensemble was then planarized and contacted by the process developed in the doctoral
thesis of Friederich Limbach.[12] This method of integrating NWs into an LED device
was sketched in Sec. 2.4.
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(a) EL spectra of NW LEDs with the active region
grown at different temperatures. [202]
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(b) EL from the sample grown with Ta =
619◦C, imaged with a grayscale CCD.
Figure 6.9: Electroluminescence acquired at 300K from InxGa1−xN NW LEDs. The data was
acquired by C. Hauswald.
The effect of the growth temperature Ta of the active region on the emission wave-
length of the LEDs is shown in the electroluminescence spectra in Fig. 6.9(a). The sample
with the active region grown at 619 ◦C shows an emission spectrum centered at 551 nm.
The sample grown at 603 ◦C exhibits a longer dominant emission wavelength of 588 nm,
which can be explained with the result of Sec. 5.6.3 by a higher In content of the QWs due
to a lower loss of In during the growth.[56] No emission from GaN or c-GaN is observed
here, in contrast to the PL data in Figs. 6.3(a) and 6.7(a). Different from the electron-hole
pair formation under excitation in a PL or CL experiment, electrons and holes are injected
separately into the p-n junction. Recombination in the GaN base NW, as evinced by the
CL line scan in Fig. 6.4(a), cannot occur in the EL experiments. Insertions of c-GaN, as
detected by the same CL linescan close to the active region, are either not present at the
p-n junction, or do not trap electrons or holes as efficiently as do the InxGa1−xN QWs. A
difference in intensity of the emission from QWs with different In content, as in the PL
spectra in Fig. 6.7 cannot be seen in the EL spectra, because the intensities are normalized
here. Because of the fluctuating NW geometry and variations in the integration process,
the transparency of the contact, the conductance of the samples and hence the carrier
density in the MQWs, the EL intensity cannot be compared quantitatively. An image of
the EL is shown in Fig. 6.9(b) for the sample grown at 619 ◦C. The intensity distribution
is spotty, as was observed in PL microscopy in an undoped as-grown sample in Fig. 6.5.
In the EL image, different intensities of the luminescing centers can be attributed to the
differences in electrical conductivity of the contact and the NW, in addition to the already
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significant fluctuation inherent to the MQW structure. [57]
The wavelength of electroluminescence from the InxGa1−xN/GaN NW LEDs demon-
strated here depends on the In content of the QWs, which is governed by the source
fluxes and the growth temperature Ta of the active region. The present thesis has shown
quantitatively both the composition-dependence on Ta (in Sec. 5.6.3), and the dependence
of the optical transition energy on x (in Sec. 6.3.3). The central objective of the thesis, the
control of the emission wavelength of GaN-based NW LEDs, is thus achieved.
6.5 Strain engineering in nanowire heterostructures
So far, the relaxation of lattice-mismatch strain in NW heterostructures has been relevant
for the characterization of axial InxGa1−xN QWs intended as an LED active region. Strain
influences many application-relevant properties of semiconductors, and it is interesting
to exploit the analysis in Sec. 4.3 for deliberate strain control. In NW superlattices com-
posed of two lattice-mismatched crystals, the axial thickness ratio of the two materials
defines the strain distribution, with the thicker component being closer to relaxation and
the thinner component being closer to the strain state of a pseudomorphic film. This ef-
fect has in principle been shown for NWs etched from planar heterostructures, [210,211] but
the strain was not quantified and systematically varied in these works. An advantage of
bottom-up grown NWs over planar films is that misfit dislocations are less likely to oc-
cur. Thus, the heterointerface can be assumed coherent, and a detailed analysis of the
strain distribution is possible. As was laid out before, the average in-plane strain of the
segments of axial NW superlattices is given by Eq. (4.2) (repeated here):
εxx =
dbarrier
dSL
a1 − a2
a2
This approximation is valid under the two conditions that the total height of the super-
lattice stack is at least equal to the NW diameter, and that the NW is thick enough. It was
shown in Fig. 4.6 that the relaxation deviates from the approximation if these conditions
are not met, but remains linear with dbarrier/dSL for a wider range of parameters. The
Poisson effect determines the out-of-plane strain, as given by Eq. (4.1) (repeated here):
εzz = −2C13C33 εxx = −
2ν
1− ν εxx.
Figure 6.10 illustrates the principle of strain engineering. The out-of-plane strain εzz
is calculated analytically with the formalism from Kaganer and Belov, [174] taking into
account the non-uniform and anisotropic strain distribution in the NW heterostructure.
εzz is plotted vs. the position z along the NW axis. The superlattice is composed of two
materials, the ’barrier’ and the ‘well’ (QWs) material, with an arbitrary lattice mismatch
of 40 % for the purpose of illustration. The QWs are under compressive (negative) in-
plane strain and tensile (positive) out-of-plane strain. The NW diameter is ten times
the QW thickness. The elastic constants are those of GaN, with the C-direction along
the z-axis. Two situations are plotted, where dbarrier/dwell = 3/4 (blue) and 1/2 (red),
respectively. It can be seen that, on average over the QWs, εzz scales almost linearly with
this ratio, as predicted by Eq. (4.2).
The purpose of this section is to demonstrate the applicability of the strain engineering
principle to bottom-up grown GaN NWs with InxGa1−xN/GaN superlattices. Series of
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Figure 6.10: Principle of strain engineering in an axial NW superlattice. εzz is calculated in
the center of the NW, r = 0, with the formalism of Ref. 174, and plotted vs. the
position z along the NW axis. The NW diameter is ten times the QW thickness.
The relaxed lattice constant of the QWs is 40% larger than that of the barrier
material. The strain in the QWs (shaded area) is designed by the choice of the
barrier thickness: two situations are plotted, where dbarrier/dwell = 3/4 (blue)
and 1/2 (red), respectively. It can be seen that εzz scales linearly with this ratio.
The calculation was performed by V. M. Kaganer.
samples were grown, which contain identical InxGa1−xN QW segments. Their strain
state was defined by choosing the GaN barrier thickness. The results of this section are
being prepared for publication in Ref. 173. German and international patent applications
were submitted for strain-engineered NW heterostructures in bottom-up grown NWs
according to the principles shown here. [268]
6.5.1 Evidence for strain relaxation in InxGa1-xN/GaN nanowires from resonant
Raman spectroscopy
As introduced in Sec. 4.4, Raman spectroscopy is a non-invasive tool to measure strain
in nitrides. It has already been proven useful in the analysis of strain relaxation in NW
heterostructures. [177,210,269,270] Resonant Raman spectroscopy allows selective probing of
the InxGa1−xN QWs. The interpretation of Raman spectra in InxGa1−xN/GaN NWs has
to take into account that the QWs are subject to non-uniform strain, and fluctuations
in composition and in geometry. These fluctuations, which lead to broadening of the
phonon line, were quantified in Sec. 5.5.3. It was shown that the resonant Raman spectra
can satisfactorily be simulated with a MC algorithm, taking the exact strain distribution
into account, or with an analytical evaluation of Eq. (4.18).
In the following, the effectiveness of strain engineering will be proven by extracting
the strain from resonant Raman spectra. This information cannot be obtained from x-ray
diffraction profiles. The characterization by XRD in Ch. 5 is based on the diffraction peak
positions, and derives only the average out-of-plane strain in the entire MQW stack, and
the period of the superlattice, relying a priori on full lateral relaxation of the heterostruc-
ture. As shown Sec. 4.2, the statistical fluctuations in the NW ensembles prohibit the
extraction of the QW parameters with high precision from the simulation of XRD pro-
files. The strain inside the QWs is assumed here as constant, and is obtained from the
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Figure 6.11: Resonant Raman spectra for three InxGa1−xN/GaN NW samples with differ-
ent degrees of relaxation but constant x [samples (a) to (c) from series 18].
dbarrier/dSL quantifies the strain relative to the pseudomorphic (fully strained)
case. The E1 InxGa1−xN phonon mode shifts to higher frequencies with increas-
ing strain. For comparison, the E1(LO) frequency of fully relaxed GaN is indi-
cated at 741 cm−1. The ω-scale is enlarged above 700 cm−1 for clarity of the shift
in E1.
simulation of the Raman spectra with the analytical integration of Eq. (4.18). The E1(LO)
phonon lineshape of the InxGa1−xN QWs depends on many parameters, and in order
to obtain the strain reliably as a fit parameter in the simulation, very well characterized
samples are required. The parameters which must be known are x, dwell, dbarrier, σd, σx,
as well as the distribution of NW diameters. Of course, a series of samples is desirable
with a systematic variation in strain of the QWs. These requirements are fulfilled by the
samples of series 18 and 27. In both series, dbarrier is varied from sample to sample, and
they are therefore expected to exhibit the strain dependence drawn in the illustration of
the principle in Fig. 6.10. The QW composition and the segment spacings were deter-
mined by x-ray diffraction, and the parameters were summarized in Table 5.4. The alloy
fluctuation σx = 0.2x was obtained from the simulation of Raman data in Sec. 5.5.3.
Raman spectra of the InxGa1−xN/GaN NW samples from series 18 are shown in figure
6.11. The spectra were collected by resonant excitation with a photon energy of 3.0 eV
in order to selectively excite the InxGa1−xN QWs. The Γ-point optical phonon of the Si
substrate is visible at 520.5 cm−1, the Eh2 phonon of GaN at 567 cm
−1 and the InxGa1−xN
E1(LO) phonon of the QWs between 720 cm−1 and 725 cm−1. The E1(LO) phonon fre-
quency for relaxed GaN is 741 cm−1 and is marked in Fig. 6.11. Due to the In content
in the quantum wells, the experimental E1(LO) phonon frequencies from all samples are
shifted to lower wavenumbers. Since the three samples differ only in the strain of the
QW, the difference in the E1 peak positions reflects the strain dependence of the phonon
frequency.[269] In a simple picture, for dbarrier approaching the superlattice period dSL, the
QWs are subject to pseudomorphic strain as if grown on a GaN film. If, on the other
hand, the QWs take up most of the superlattice period, i. e. dbarrier/dSL  1, the QWs
relax completely. The amount of relaxation expected in realistic scenarios was shown
in Fig. 4.6. The redshift of the E1(LO) phonon in InxGa1−xN/GaN NW samples with
equal x confirms the relaxation qualitatively. To be more precise, Table 5.4 showed that x
increases slightly from 28% in sample (a) to 31% in sample (c), corresponding to a red-
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shift of the phonon frequency ∆ω0(x) = −4.47 cm−1 in fully relaxed material according
to Eq. (4.15). Figure 6.11 shows clearly the opposite. The phonon peak frequencies in-
crease from sample (a) to sample (c). This blueshift shift can only be caused by increasing
strain. For samples of identical composition, the strain could simply be estimated from
Eq. (4.17): K⊥ = ∆ω/εxx. Better precision is obtained in the following from simulations
of the resonant Raman spectra.
6.5.2 Experimentally obtained relaxation in strain-engineered nanowire
heterostructures
The experimental Raman spectra were simulated with the parameters from the previ-
ous characterization, and εxx was obtained as a fit parameter. The maximum strain, i. e.
without relaxation, is of course given by the case of pseudomorphic growth of a planar
film. The strain in NW segments can only be lower than the fully strained value, which is
proportional to the composition x. In order to show the effectiveness of strain relaxation
in the NW superlattices, the simulation results are plotted in Fig. 6.12 as −εxx/xwell, the
strain relative to the composition. For the materials studied here, the maximum value
εmax on this scale is 10 %, corresponding to InN grown on a GaN bulk substrate. The
lateral relaxation in NWs will reduce the ‘relative strain’, compared to the composition.
Also shown in Fig. 6.12 are SEM plan view images of the first NW sample from each
series [sample (a)], comparing the obtained NW diameter with the MQW stack height.
A direct linear dependence of −εxx/xwell on dbarrier/dSL, as shown by the dashed line, is
expected according to Eq. (4.2), if the MQW height is at least equal to the NW diameter.
The respective diameters are symbolized in Figs. 6.12(b) and (d) as white circular areas.
Figure 6.12(a) shows the relative strain of the samples in series 18, with εxx obtained
from the simulation of the Raman spectra. In the first sample [sample (a)], the GaN bar-
rier constituted 57 % of the SL period, and the strain obtained from the Raman spectrum
is about 0.6 εmax. The data from this series fits the constant strain approximation remark-
ably well, confirming for the first time the two fundamental concepts in this section:
• The effectiveness of strain engineering in NW superlattice growth is confirmed.
• Raman spectroscopy is established as a tool to measure the strain in InxGa1−xN
QWs.
Comparing the NWs in the plan view SEM image in Fig. 6.12(b) to the circular area indi-
cating NdSL = 65 nm, it is seen that the NWs vary in diameter, and this value is exceeded
only by a few individual NWs, while most are thinner than 65 nm. The relative strain
in Fig. 6.12(a), obtained from the Raman spectra, agrees with the approximation of full
lateral relaxation, which does not take into account any specific diameter distribution.
This agreement indicates that on average over the ensemble, the criterion for the lateral
relaxation is met. Interestigly, Fig. 5.13 had shown that, due to radial growth in the active
region at low temperature, the consecutive samples from series 18 exhibit increasing dia-
meters. Recalling from Fig. 4.6(b) that thin NW heterostructures deviate from the linear
approximation on the highly strained side, this widening of diameter contributes to the
good agreement of the whole series of samples with the linear relaxation approximation.
The same analysis of resonant Raman spectra was carried out for a second series of
samples, equally well characterized by x-ray diffraction (series 27). In the second series,
the barrier height was reduced to less than the QW height, further decreasing dbarrier/dSL,
and even more relaxation was expected than in the first series. Experimental Raman
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(b) SEM plan view of the first sample from series
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a circular area of corresponding diameter.
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(c) Relative strain in series 27.
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(d) SEM plan view of the first sample from series
27.
Figure 6.12: Relative strain of InxGa1−xN/GaN NW samples [Subfigs. (a) and (c)]. The sam-
ple structure was characterized by x-ray diffraction, and the strain was obtained
as a fit parameter from simulations of the resonant Raman spectra. The simu-
lations were carried out by M. Ramsteiner. Plan view SEM images in the same
scale in (b) and (d) compare the NW diameters to the MQW stack height. The
SEM data was acquired by A.-K. Bluhm.
spectra from this series of samples were depicted above in Fig. 6.2(a). The relative strain
deduced from the resonant Raman spectra of this second series is shown in Fig. 6.12(c).
Considering all six samples, the trend of increasing strain with increasing barrier height
is observed, in agreement with the principle of strain engineering employed here. The
data is seen, however, to deviate from the approximation of complete lateral relaxation
of the superlattice. The likely reasons for such a deviation was discussed in Sec. 4.3.2.
One of the requirements for the lateral relaxation approximation is that the total MQW
stack height is at least equal to the NW diameter. Figure 4.6(a) revealed the effect of a
violation of this requirement: If NdSL is too small, strain relaxation is obtained linearly
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with dbarrier/dSL, but the minimum strain predicted by the approximation is not achieved.
In the second series studied here, NdSL is only about 30 nm in the first sample [sample
(a)].b The NW diameter distribution in this sample is seen in the plan view SEM image
in Fig. 6.12(d) [in the same scale as Fig. 6.12(d)]. The white circular area has a diameter of
30 nm, indicating the NW size which would fulfill the condition for the approximation.
Evidently, most of the NWs are much thicker, and therefore the lateral relaxation of the
MQW segment is incomplete in this sample.
The comparison of the relaxation in the two serie of samples discussed here is a direct
proof of the validity of the design criterion for full lateral relaxation, which allows to use
Eq. (4.2). The strain analysis in these self-induced NW heterostructures is complicated
due to statistical fluctuations in structure, resonance effects in Raman spectroscopy, and
uncertainties about elastic constants and phonon deformation potentials. The design
criterion for strain engineering had so far been shown only numerically (in Sec. 4.3.2).
In view of the multiple complications in analysis, the experimental proof of this concept
is very valuable.
6.6 Conclusion
The guideline in the design of the experiments was the development of the active region
of a GaN NW LED. The NW was axially structured to mimic the main features of a pla-
nar InxGa1−xN/GaN MQW. A systematic variation and analysis was undertaken of the
parameters known to govern light emission from planar MQWs: (i) the InxGa1−xN QW
composition, which defines the fundamental bandgap, (ii) the QW thickness, determin-
ing the quantum confinement, and (iii) the strain in QWs, which controls the piezoelectric
field and hence the QCSE.
The effects of varying these parameters were summarized in Sec. 6.2. To an extent,
the mechanisms known from planar InxGa1−xN QWs were found in the NW heterostruc-
tures. The luminescence experiments showed a clear trend of the emission energy with
the In content of the QWs, in line with the expected change of the fundamental bandgap.
Also, as was seen in Fig. 6.1(b), the emission energy is increased if the QW thickness is
reduced under otherwise identical conditions. This is consistent with the expected effect
of quantum confinement.
Despite these indications of a luminescence mechanism comparable to planar QWs, the
InxGa1−xN QWs in the NWs studied here were found to behave fundamentally different.
Most notably, the luminescence intensity was found to decrease with decreasing In con-
tent. No InxGa1−xN emission was detected in the blue spectral range, even though the
QW composition and thickness realized in some samples would lead to blue emission in
planar QWs. Also contrary to expectation is that the luminescence intensity decreases with
reduced QW thickness, and hence reduced QCSE [see Fig. 6.1(b)]. Upon closer inspection,
the correlation of the luminescence energy with a variation in the QW composition does
not meet the expectations based on planar layers. Self-consistent Schrödinger-Poisson
calculations performed with the experimental parameters predicted a much wider range
of the emission energy as a function of the QW composition. Three types of carrier local-
izations were suggested in Sec. 6.3.4 to control the optical transitions in the InxGa1−xN
QWs: (i) exciton localization induced by compositional fluctuations, (ii) individual elec-
tron and hole localization in separate potential minima, and (iii) lateral separation of
bNote that XRD satellite peaks cannot be detected in sample (a) of series 27, and dSL is interpolated from
samples (d), (e), and (f). See Fig. 5.10(b).
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electrons and holes by band bending as a result from inhomogeneous strain. An indi-
cation that the non-uniformity of the strain influences the luminescence in a way not
understood so far is the seemingly uncorrelated shift of PL peak energy with strain in
Fig. 6.2(b). Judging the consequences of the localization mechanisms requires detailed
three-dimensional calculations of the electronic structure and the possible radiative tran-
sitions. Such calculations have only been initiated.
Working GaN nanowire LED devices with the active region developed here were pro-
cessed by repeating the steps described in the doctoral thesis of F. Limbach, [12] and this
is taken as proof that such devices can be processed predictably and reproducibly. The
homogeneity and the intensity of the light emission from these laboratory samples of
NW LEDs are not comparable to developed LED products with planar active regions.
Some limiting factors can be addressed technologically in a straightforward way. For ex-
ample, the statistical fluctuations in self-induced growth may be controlled in selective
area growth, [271] and planarized NW ensembles may be contacted with the efficient pro-
cesses developed for modern industrial LEDs. [60] A more fundamental question is the
suitability of axial NW MQW structures for the active region of LED devices. Although
this topic has been discussed in recent years, [252] no conclusion has emerged. The analy-
sis in this chapter is the first published attempt at understanding quantitatively the axial
NW MQW emission from series of samples with systematic variations in structure. The
open question remains, which modifications of the NW MQW structure can enhance the
luminescence intensity.
One of the features that sets apart InxGa1−xN/GaN NWs from planar films, next to
defect-free growth on foreign substrates and large surface area, is the elastic relaxation
of mismatch strain in the heterostructure. Practical examples were given in this chapter
for the deliberate tuning of the strain in NW segments between the opposite cases of full
relaxation and pseudomorphic films, without introducing plastic defects. For the first
time, this strain-engineering technique could be rigorously shown here. The principle
applies to heterostructures in other materials as well, for example CdSe/CdS. [270]
In a more general sense, this chapter has demonstrated that the average strain and the
luminescence wavelength of self-assembled InxGa1−xN nanostructures can be systemati-
cally tuned. A straightforward design rule was proven for engineering the average strain
in mismatched axial NW heterostructures. The observed correlation of the luminescence
wavelength with the NW structure indicates that the heterostructure growth is well con-
trolled. Therefore, if gradual parameter changes should be theoretically predicted in the
future to make axial InxGa1−xN/GaN NW heterostructures fit for any application, the
self-assembled synthesis described here is readily applied.
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7 Conclusions and Outlook
GaN nanowires (NWs) with axial InxGa1−xN/GaN superlattices were studied in this the-
sis as part of the development of a GaN-based NW LED at Paul-Drude-Institut für Festkör-
perelektronik (PDI). Among the expected technological benefits were the growth of GaN
on a lattice-mismatched substrate, the defect-free bottom-up growth of the heterostruc-
ture and the reduction of the piezoelectric field compared to InxGa1−xN quantum wells in
planar films. The work focused first on the fundamental mechanisms governing the NW
crystal growth by molecular beam epitaxy, and then on the elastic and optical properties
of the heterostructures as a function of the growth parameters. In one sentence, a model-
ing of the physical growth processes was achieved that allows control of the emission wavelength
of a GaN-based nanowire LED device.
An LED in the layout chosen here has one of the simplest structures of any semiconduc-
tor device, and only the active region is studied here. Nevertheless, this thesis required
research in four fields: (i) the nucleation and growth of GaN NWs, (ii) strain analysis,
(iii) growth of InxGa1−xN, and (iv) the elastic and optical properties of InxGa1−xN/GaN
QWs. The separation of these topics is evident, for example, from the disjunct bodies of
literature. Steps were made in all of these fields, and it seems appropriate to give them
equal weight in the conclusion, to the benefit of a reader with a specific interest.
Ti as an alternative growth substrate for GaN nanowires
New results on GaN NW growth on a metal film by molecular beam epitaxy were re-
ported in Ch. 3:
• Self-induced GaN NWs of high quality grow on α-Ti films with a strong epitaxial
relation. As a consequence, for subsequent processing of a NW LED, the Ti film
must exhibit a preferred (0001) orientation.
• The interface between the Ti metal film and the GaN crystal is likely mediated by
δ-TiN(111) or TiO(111).
Suggested reasons for a low NW nucleation density on Ti, when compared to Si, include
a higher diffusion length of Ga adatoms, or preferred Ga-polar growth, giving rise to N-
polar NW growth only in small random domains. Possibly, N-polar NW growth occurs
on surface areas containing TiO. Metal films can be deposited easily on a variety of carrier
materials, and successful synthesis of GaN with high crystal quality on metal films can
pave the way to new device designs. Especially GaN-based NW LEDs can be directly
implemented, once a suitable carrier material for the Ti film is found.
Strain analysis in nanowire heterostructures
The development of quantitative growth models and the control of NW heterostructure
device properties require reliable methods for the structural characterization. Large fluc-
tuations are typical for ensembles of self-induced GaN NWs, and quantitative statistical
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information is required that cannot be obtained from microscopy. Due to the NW ge-
ometry, however, several established semiconductor characterization tools fail. At the
start of work on this thesis, important measurements were unavailable: that of the ax-
ial InxGa1−xN QW composition and compositional uniformity, QW thickness and strain,
the thickness of the GaN barrier, as well as the fluctuations in these parameters. These
characterization requirements inspired the statistical interpretation of laboratory x-ray
diffraction (XRD) profiles and resonant Raman spectra. Vladimir M. Kaganer and Man-
fred Ramsteiner contributed substantially to this aspect of the work, shown in Ch. 4:
• The XRD profiles of axial InxGa1−xN/GaN superlattices in NWs are low in contrast,
due to statistical fluctuations. Simulations in the kinematic approximation can take
these fluctuations into account and provide structural parameters.
• The strain distribution in elastically relaxed NW superlattices is inherently non-
uniform. An analytic expression for the strain at any point of a segmented cylinder
was developed and published by V. M. Kaganer and A. Yu. Belov. From the detailed
calculation, a criterion for full lateral relaxation can be deduced: the superlattice
stack height must be larger than the NW diameter.
• The average strain in the InxGa1−xN QWs decreases linearly with the ratio of the
GaN spacer thickness to the superlattice period. Even full relaxation is linearly
approached if the criterion for full lateral relaxation is met.
• With regard to the average strain in the whole superlattice, the Poisson effect van-
ishes if the criterion for full relaxation is met. This is important for the interpretation
of the zeroth order superlattice peak position in XRD profiles.
• The exact strain distribution can be used to simulate the broadening of the E1(LO)
phonon line in resonant Raman spectra of the InxGa1−xN QWs. Compared to real-
istic compositional fluctuations, the non-uniformity in strain contributes negligibly
to the broadening, and resonant Raman spectra can be simulated by approximating
the strain inside the QWs as constant.
For the experimental XRD profiles shown here, the precision of the structural character-
ization by the parameters of the kinematic simulation is low. Future work could extend
the kinematic simulation of the XRD profiles to compositional fluctuations.
Growth of InxGa1-xN/GaN nanowire heterostructures
Growth models for planar InxGa1−xN films by MBE had been well developed, but the
growth of NWs is more complex. In fact, no quantitative models for any ternary semi-
conductor NW growth existed at the time of beginning this work. In series of experi-
ments, the growth parameters for InxGa1−xN/GaN NWs were varied one at a time, and
the growth was monitored in situ by line-of-sight QMS. The new findings were laid out
in Ch. 5:
• Increasing the metal flux induces a widening of the InxGa1−xN NW diameter by ra-
dial growth. At a typical InxGa1−xN growth temperature of 600 ◦C the pivot value
is about V/III = 3 during InxGa1−xN growth. Below this value, the growth is effec-
tively metal-rich.
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• A variation of the GaN barrier growth time between samples leads to different pe-
riodicities in the superlattices, which are then reflected by different satellite peak
spacings in the XRD profiles. In view of the low contrast, only this experimental
proof validated the interpretation of the XRD interpretation.
• Also from the variation of the GaN barrier growth time, the change in the super-
lattice period delivers the axial growth rate of GaN in the active region, and the
average QW thickness. For the superlattices in self-induced NWs, this method de-
livers better precision than the simulation of the x-ray diffraction.
• In acts as a surfactant and enhances the diffusion of Ga atoms on the NW sidewalls.
The axial growth rate of GaN in the active region is lower by a factor of two than
that of InxGa1−xN for the same total metal flux. In the absence of In, Ga diffusion on
the sidewalls is reduced at the growth temperature of the active region, and radial
M-plane growth occurs.
• The incorporation of Ga atoms on the NW sidewalls during the growth of the ac-
tive region supports and explains the indication from individual TEM images, that
the InxGa1−xN insertions in the NWs are surrounded by a thin GaN shell. In par-
ticular, the growth of an InxGa1−xN island on the GaN NW top facets need not be
postulated to explain this phenomenon.
• Resonant Raman spectroscopy was validated as a way to determine the average
strain and composition in InxGa1−xN independently from XRD. Also, the composi-
tional fluctuations were quantified.
• In-situ observation of In desorption during the growth allows to quantify the re-
sulting In incorporation. The established model of planar InxGa1−xN growth, ac-
cording to which the In incorporation is limited by thermally activated desorption,
could be successfully applied to the growth of NWs. An effective activation energy
was given to describe the net effect of the diffusion and desorption processes.
These findings allow the synthesis of axial InxGa1−xN/GaN NW heterostructures by
MBE with controlled segment lengths and alloy compositions. The InxGa1−xN growth
model developed here is based on statistical data. Elastic effects which may lead to a
non-uniform distribution of In are not taken into account, because the characterization
methods employed here probe the entire InxGa1−xN NW ensemble. Future work may
improve the growth model by finding the individual activation energies for the processes
of decomposition, desorption and reincorporation.
Optical and elastic properties of InxGa1-xN/GaN nanowire heterostructures
A significant drawback in earlier studies on InxGa1−xN/GaN NW heterostructures was
the lack of reliable structural characterization and systematic control of individual pa-
rameters during the growth. With these methodological gaps being filled, several impor-
tant findings were possible in Ch. 6. The first ones are specific to InxGa1−xN/GaN NW
LED active regions:
• In some aspects, the luminescence energy depends on the QW composition and
thickness as would be expected from a planar InxGa1−xN/GaN QW. Ceteris paribus,
the emission energy increases both with increasing In content and with decreas-
ing QW thickness. Contrary to the expected behavior, the luminous intensity was
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found to decrease with decreasing In content and with reduced QW thickness. No
samples could be produced with dominant InxGa1−xN emission in the blue spectral
range.
• Self-consistent Schrödinger-Poisson calculations performed with the experimental
QW parameters, but in the approximation of a planar heterostructure, predicted a
much wider range of the emission energy as a function of the QW composition.
• Three types of localizations were suggested as a cause of the deviation between the
InxGa1−xN QW emission in axially structured NWs and in planar films: (i) exciton
localization induced by compositional fluctuations, (ii) individual electron and hole
localization in separate potential minima, and (iii) lateral separation of electrons
and holes by band bending as a result from inhomogeneous strain.
• Nanowire LED demonstrator devices were fabricated. The electroluminescence
spectra were dominated by the InxGa1−xN emission, and a variation of the emis-
sion wavelength was obtained by changing the growth temperature of the active
region.
The findings on strain relaxation in axial NW heterostructures are applicable beyond the
InxGa1−xN/GaN system in which they were shown here:
• The elastic relaxation of mismatch strain in NW heterostructures can be employed
for strain engineering. A simple design rule was already derived from the numeri-
cal strain analysis to control the elastic relaxation by choosing the nanowire diame-
ter and segment lengths.
• The average strain in InxGa1−xN QWs can be obtained as a fit parameter from
simulations of the resonant Raman spectrum. NW heterostructure samples with
a variation in the barrier thickness were used to prove the effectiveness of the strain
engineering principle and to validate the boundary conditions for the design rules.
Working GaN nanowire LED devices can be processed predictably and reproducibly.
Judging from the results of the present work, even the integration of a GaN nanowire
LED device on a metal substrate seems practical. An unanswered fundamental question
is the suitability of axial NW MQW structures for the active region of efficient LED de-
vices. In this regard, the faint luminescence in the blue spectral range raises concern.
Future research will have to model the optical transition mechanism in InxGa1−xN QWs
in N-polar GaN NWs to answer this question. Examples of computational studies exist
that have shown the spatial separation of carriers in axial NW heterostructures of III-
nitride semiconductors. If it should be predicted that gradual modifications of the axial
heterostructure geometry produce useful devices, the bottom-up synthesis can rely on
the growth mechanisms given here.
The proposed strain engineering in bottom-up grown NW heterostructures is a method
that can be used universally to tune crystal properties. In this work, the concept was
proven with self-induced NWs possessing statistical fluctuations in diameter. One can
imagine that strain definition will be all the more precise if the NW diameter is controlled,
for example by selective areas growth. To name another example of extending this con-
cept: it is equally applicable to nanowalls, introducing anisotropic in-plane strain, and
creating a nanowire insertion that could carry current laterally.
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A Sample list
The growth parameters for all samples used in this work are listed in Table A.1 on the
following pages. Pyrometer readings are given for the growth temperature Tbase of the
GaN NW, and Ta of the active region.
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Table A.1: List of InxGa1−xN/GaN NW samples used in this work. All samples were grown at PDI in MBE 8.
The samples are sorted after the variable parameter, or in the sequence in which they are used.
base NW growth active region growth
barrier quantum well
lab book ΦN Tbase tbase ΦGa Ta tbarrier ΦGa twell ΦGa ΦIn main use
sample date structure substrate ( nmmin ) (
◦C) (min) ( nmmin ) (
◦C) (min) ( nmmin ) (min) (
nm
min ) (
nm
min ) in Figs.
Series 11: variation of twell
M8923∗ 26.02.10 NW only Si(111) 20 800 80 5.6
M8934 12.03.10 NW + 4 QW Si(111) 20 803 60 5.6 614 3.0 3.0 0.50 3.0 5.2 5.2,6.1(b)
M8937 22.03.10 NW + 4 QW Si(111) 20 800 60 5.6 616 3.0 3.0 0.25 3.0 5.2 6.1(b)
M8938 23.03.10 NW + 4 QW Si(111) 20 801 60 5.6 619 3.0 3.0 0.13 3.0 5.2 6.1(b)
M8944 26.03.10 NW + 4 QW Si(111) 20 800 60 5.6 616 3.0 3.0 0.06 3.0 5.2 6.1(b)
Series 12: variation of Ta
M8923†∗ 26.02.10 NW only Si(111) 20 800 80 5.6
M8934† 12.03.10 NW + 4 QW Si(111) 20 803 60 5.6 614 3.0 3.0 0.5 3.0 5.2
M8939 23.03.10 NW + 4 QW Si(111) 20 800 60 5.6 636 3.0 3.0 0.5 3.0 5.2 5.3(a),5.6
M8942∗ 25.03.10 NW + 4 QW Si(111) 20 798 60 5.6 655 3.0 3.0 0.5 3.0 5.2
M8943∗ 26.03.10 NW + 4 QW Si(111) 20 800 60 5.6 678 3.0 3.0 0.5 3.0 5.2
Series 18: variation of tbarrier
M8979 24.06.10 NW only Si(111) 20 768 60 3.9 3.6
M8994 09.07.10 NW + 6 QW Si(111) 20 770 60 3.9 583 1.58 4.0 0.9 0.8 1.7 5.11(a),5.13,5.19
M8995 12.07.10 NW + 6 QW Si(111) 20 770 60 3.9 581 3.36 4.0 0.9 0.8 1.7 4.4,5.11(a),5.13
continued on next page
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base NW growth active region growth
barrier quantum well
lab book ΦN Tbase tbase ΦGa Ta tbarrier ΦGa twell ΦGa ΦIn main use
sample date structure substrate ( nmmin ) (
◦C) (min) ( nmmin ) (
◦C) (min) ( nmmin ) (min) (
nm
min ) (
nm
min ) in Figs.
M8997 12.07.10 NW + 6 QW Si(111) 20 771 60 3.9 582 6.88 4.0 0.9 0.8 1.7 5.7,5.11(a),5.13,6.3
Series 19: variation of Ta
M81005 21.07.10 NW + 6 QW Si(111) 13 770 60 3.9 583 3.36 2.8 0.9 0.7 1.6 5.15,5.18,6.1(a)
M81016 27.07.10 NW + 6 QW AlN/Si(111) 13 829 60 3.4 585 3.36 2.8 0.9 0.7 1.6 4.4,5.5
M81011 26.07.10 NW + 6 QW Si(111) 13 770 60 3.1 608 3.36 2.8 0.9 0.7 1.6 5.15,5.16,5.18,6.1(a)
M81017 27.07.10 NW + 6 QW Si(111) 13 769 60 3.4 615 3.36 2.8 0.9 0.7 1.6 5.15,5.18,6.1(a)
M81013 26.07.10 NW + 6 QW Si(111) 13 770 60 3.4 626 3.36 2.8 0.9 0.7 1.6 5.15,5.18,6.1(a)
M81014 27.07.10 NW + 6 QW Si(111) 13 770 60 3.4 637 3.36 2.8 0.9 0.7 1.6 5.15,5.18,6.1(a)
M81015 27.07.10 NW + 6 QW Si(111) 13 770 60 3.4 645 3.36 2.8 0.9 0.7 1.6 6.1(a)
M81023 30.07.10 NW + LT GaN Si(111) 13 768 60 3.4 585 2.8 3.4(b),(c)
Series 23: variation of Ta, calibrated QMS
M81096 17.01.11 NW + 6 QW Si(111) 13 780 90 2.5 588 7.9 0.8 0.9 0.8 0.8 5.21,5.23
M81113 01.02.11 NW + 6 QW Si(111) 13 779 90 2.5 602 7.9 0.8 0.9 0.8 0.8 4.2,5.21,5.23,6.5
M81089 10.01.11 NW + 6 QW Si(111) 13 780 90 2.5 603 7.9 0.8 0.9 0.8 0.8 4.3,5.1,5.21,5.23
M81105 25.01.11 NW + 6 QW Si(111) 13 782 90 2.5 625 7.9 0.8 0.9 0.8 0.8 5.21,5.23
M81095 14.01.11 NW + 6 QW Si(111) 13 780 90 2.5 631 7.9 0.8 0.9 0.8 0.8 5.21,5.23
continued on next page
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base NW growth active region growth
barrier quantum well
lab book ΦN Tbase tbase ΦGa Ta tbarrier ΦGa twell ΦGa ΦIn main use
sample date structure substrate ( nmmin ) (
◦C) (min) ( nmmin ) (
◦C) (min) ( nmmin ) (min) (
nm
min ) (
nm
min ) in Figs.
Series 27: variation of tbarrier
M81257 12.07.11 NW + 6 QW Si(111) 13 780 90 2.6 606 1.0 0.8 1.5 0.8 0.8 5.10(b),5.11(b)
M81263 21.07.11 NW + 6 QW Si(111) 13 780 90 2.6 604 2.0 0.8 1.5 0.8 0.8 5.10(b),5.11(b),6.2
M81260 19.07.11 NW + 6 QW Si(111) 13 780 90 2.6 608 3.0 0.8 1.5 0.8 0.8 5.10(b),5.11(b),6.2
M81262 21.07.11 NW + 6 QW Si(111) 13 780 90 2.6 606 9.5 0.8 1.5 0.8 0.8 5.10(b),5.11(b),6.2
M81258 18.07.11 NW + 6 QW Si(111) 13 778 90 2.6 606 12.8 0.8 1.5 0.8 0.8 5.10(b),5.11(b),6.2
M81261 20.07.11 NW + 6 QW Si(111) 13 780 90 2.6 607 22.7 0.8 1.5 0.8 0.8 5.10(b),5.11(b),6.2
Series 28: variation of Ta in full LED structure
M81275 23.08.11 full LED Si(111) 13 781 90 2.6 603 7.9 0.8 0.9 0.8 0.8 6.9
M81274 22.08.11 full LED Si(111) 13 781 90 2.6 619 7.9 0.8 0.9 0.8 0.8 6.9
Series 30: growth on Ti interlayer
M81290∗ 16.12.11 NW Si(111) 13 790 90 2.4
M81295 22.12.11 NW Ti/Al2O3 13 760 90 2.4 3.11(a),3.12(a),3.14
M81321 27.01.12 NW + 6 QW Ti/SiOx/Si 13 760 90 2.4 620 8.0 0.5 2.0 0.5 0.8 3.11(b),3.12(b)
M81389 01.06.12 NW Ti/silica glass 13 730 90 2.4 3.12(c)
individual samples
M81002§ 19.07.10 RHEED 7× 7 Si(111) 3.4(a)
continued on next page
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base NW growth active region growth
barrier quantum well
lab book ΦN Tbase tbase ΦGa Ta tbarrier ΦGa twell ΦGa ΦIn main use
sample date structure substrate ( nmmin ) (
◦C) (min) ( nmmin ) (
◦C) (min) ( nmmin ) (min) (
nm
min ) (
nm
min ) in Figs.
M81256 11.07.11 planar MQW GaN/AlN/Al2O3 6.6 590 3.6 2.2 0.8 2.2 1.8 4.3
M8957 16.04.10 NW + 4 QW Si(111) 20 800 60 5.9 598 3.0 3.0 0.5 3.0 5.7 5.9
M81310 16.01.12 NW + 6 QW Si(111) 13 780 90 1.5 605 8.0 0.5 2.0 0.5 0.8 6.4,6.6
M81325 10.02.12 full LED Si(111) 13 780 90 1.5 605 8.0 0.5 2.0 0.5 0.8 5.8
M8872‡∗ 19.05.09 NW + 2 QW Si(111) 13 778 60 1.7 617 10.0 0.4 10.0 0.4 0.7
MBE source calibration for series 11–19
M8970 16.06.10 ΦGa,1 Si(111) C.1
M8971§ 16.06.10 ΦGa,2 Si(111)
M8980 24.06.10 ΦIn SiC
M8974¶ 18.06.10 ΦAl Si(111)
M81066§ 24.11.10 ΦN,Specs AlN/Si
M8975‖ 18.06.10 ΦN,SVT Si(111)
∗For information only, data not shown in this work.
†Listed again for complete series overview.
‡Not a part of this thesis, listed only for comparison. Processed by M. Knelangen, luminescence reported in Refs. 170 and 224. Ta is estimated based on the temperature
offset between thermocouple and pyrometer observed in this work [see Fig. 3.6(a)].
§Processed by T. Gotschke.
¶Processed by F. Limbach.
‖Processed by C. Chèze.
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B Statistical fluctuation of self-induced GaN
nanowire morphology
The length and diameter of self-induced GaN NWs fluctuates statistically. Length and
diameter of individual NWs can both be measured in cross section scanning electron
micrographs, as indicated in Fig. B.1(a). By comparison, assessment of the diameter in
plan view SEM has proven difficult because of NW coalescence and terrace formation at
the tip. The dimensions from 113 NWs were obtained by manual selection within the
image processing software ImageJ 1.45s. The length distribution is shown in Fig. B.1(b).
Sabelfeld et al. have recently proposed an explanation for the bimodal length distribu-
tion. [125] NWs shorter than 365 nm are likely shadowed during InxGa1−xN growth and
form no active region. This is confirmed by the CL cross-section in Fig. 6.4(b) which
shows emission from the active region only from the top of the ensemble. The longer
NWs are representative of the NW ensembles studied here. The diameter distribution is
shown in Fig. B.1(c).
The crystal orientation of the silicon substrate is transmitted to the GaN NWs via
a SixNy interlayer. The interlayer is considered mostly amorphous even though it is
preceded by the formation of β-Si3N4 and is able to transmit crystallographic informa-
tion. [85,102–104] The orientation of the GaN NWs is imperfect, with the GaN[0001] direc-
tion (C-direction) in the NW axis showing an out-of-plane tilt from the Si[111] substrate
normal. This can be directly seen in Fig. B.2(a). The tilt can be assessed by x-ray diffrac-
tion. [58] Rocking curves (ω-scans) of the symmetrical reflection GaN(00.2) are shown in
Fig. B.2(b). An analyzer crystal was used, and it can be seen that the detector width is
negligible, with a full width at half maximum (FWHM) of 0.2◦. GaN NWs grown directly
on Si(111) show a tilt of 3.2◦ FWHM. For comparison, a rocking curve is given from GaN
NWs grown on AlN buffer layer, which improves the tilt to 0.8◦ FWHM. [78,101] In-plane,
GaN[101¯0] (M-direction) is typically parallel to Si[112¯], and GaN[112¯0] (A-direction) is
parallel to Si[110]. (This was shown in 3.2.1 and can most easily be seen in SEM: the
M-plane side facets of the NWs never face the flat of the wafer which indicates a Si〈110〉
direction.) This in-plane orientation shows a twist, which is accessible to x-ray diffraction
by rotating the sample around the Si[111] substrate normal (ϕ-scan) and measuring the
intensity of an asymmetrical reflection such as GaN(10.5). The FWHM of the ϕ-scan is
11.8◦ for the self-induced GaN NWs grown directly on Si(111), which is again improved
to 6.4◦ on an AlN buffer. The GaN(10.5) reflection points ψ = 20.7◦ away from the surface
normal, and the true in-plane twist is about one third of the FWHM in this measurement
geometry. For GaN NWs on Si(111) the true in-plane twist is 4.4◦ FWHM. [156]
The statistical information about the fluctuations in NW morphology was summarized
in Table 4.1.
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(a) SEM image of InxGa1−xN/GaN NWs in cross section. The data was acquired by A.-K. Bluhm.
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(c) Diameter distribution of the NWs.
Figure B.1: Cross section SEM at cleave edge and histograms showing typical diameter and
lengths of self-induced GaN NWs on Si(111). Only NWs from the foreground
were evaluated, which are entirely visible without shadwoing from other NWs.
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(a) SEM of InxGa1−xN/GaN NW in cross sec-
tion. The data was acquired by A.-K.
Bluhm. (Distortions in the SEM image are
due to building vibrations.)
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(b) XRD rocking curves (ω-scan) measured
with an analyzer crystal and showing the
tilt of GaN NWs grown directly on Si(111)
and on an AlN buffer layer.
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(c) SEM of InxGa1−xN/GaN NWs in plan
view. The data was acquired by A.-K.
Bluhm.
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(d) XRD ϕ-scan of GaN(10.5) with open detec-
tor showing the twist of GaN NWs grown
directly on Si(111) and on an AlN buffer
layer.
Figure B.2: Tilt and twist of self-induced NWs on Si(111) with and without an AlN buffer
layer. The XRD rocking curves show that the AlN buffer layer improves the align-
ment of the GaN NWs with the crystallographic orientation of the substrate.
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C Calibration of material supply rates in
molecular beam epitaxy
The growth mode in molecular beam epitaxy is dictated by the source fluxes and the sub-
strate temperature. The growth of layered structures such as LEDs involves time-critical
changes of these parameters during the growth ‘run.’ The aim of the source calibration
is, therefore, to make the adatom supply rates controllable.
To monitor the material supply rates from the In-, Al- and Ga-sources, an ionization
vacuum gauge (ion gauge) can be brought into the position of the sample holder in the
MBE 8 chamber. The beam equivalent pressure reading BEP is proportional to the flux
density of the metal atoms. The BEP as a function of the effusion cell temperature can
be approximated by an Arrhenius relation, BEP(T) = C exp(−E/kBT). The activation
energy E, and especially the proportionality factor C have to be obtained as fit parameters
from BEP measurements, as is shown in Fig. C.1(a). In double-filament cells, the hot lip is
kept at a constant temperature offset above Tcell. The effusion cells deplete successively,
and regular measurements of the BEP are required to keep these parameters up to date.
Planar calibration layers of InN, AlN and GaN were grown under stoichiometric or
slighly N-rich conditions with a known BEP. The thickness of the planar layers is mea-
sured by SEM, as shown in Fig. C.1(b) for a GaN layer. A rough surface is obtained due
to the N-rich growth and the low substrate temperature of about 600 ◦C that was used to
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(a) Measured BEP values. The inset shows the Ar-
rhenius plot, delivering the fit parameters E and
C. The data was acquired by C. Chèze and
S. Fernández-Garrido.
(b) Thickness of a GaN calibration
layer, grown N-rich on Si(111) at
a substrate temperature of about
600 ◦C. TGa = 960 ◦C, t = 45 min.
Figure C.1: BEP measurement and growth rate calibration for Ga,1. To correlate the BEP
with the metal flux, the growth rate is determined in an N-rich growth experi-
ment. The arrow in (a) points to the growth rate of 9.2 nm/min, determined by
SEM in the GaN layer shown in (b). This exemplary calibration was performed
prior to the growth of the NW sample series 18.
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prevent Ga desorption. The material supply Φ to the substrate can be given in units of
planar layer growth rate as a function of the BEP. [229,272] The arrow in Fig. C.1(a) relates
the calculated value BEP(TGa,1) to the measured GaN growth rate of 9.2 nm/min, and
this allows the scaling of the growth rate axis. In the MBE 8 system, the proportion of
the growth rate to the BEP was typically in the order of ΦGa/BEPGa = 7 nmmin /10
−6 mbar,
depending on the response of the ion gauge. With the knowledge of BEP(Tcell) and
Φcell/BEPcell, the metal supply rate can be controlled during the growth of complex layer
structures by changing the cell temperature.
Active nitrogen was provided by radio-frequency (RF) plasma sources. The flux ΦN
was calibrated by growing planar GaN layers under Ga-rich conditions. Two N plasma
sources were used. SVTA RF-4.5, operated with an N2 flow of 2.2 sccm and an RF power
of 500 W, deliveredΦN = 20 nm/min. Specs PCS-RF, 2.0 sccm N2, 500W,ΦN = 13 nm/min.
For lower settings of RF power and N2 flow, separate calibration layers were grown.
In the MBE 8 system, for the growth experiments reported in this thesis, the sources
were placed at an incident angle of 21◦ (In, Al, Ga,1), 30◦ (N-plasma) and 40◦ (Ga,2, Si,
Mg) from the surface normal, as shown in Fig. 3.1. The impinging flux can be inhomoge-
neous across the substrate. The substrate is heated by a filament, with a pyrolytic boron-
nitride heat diffuser plate mounted between sample and heater. Heat transfer is also
inhomogeneous across the substrate. The samples were not rotated during the growth
for technical reasons. To keep calibration errors small, quantitative measurements of sin-
gle spots (SEM, Pyrometry, XRD, PL) were always carried out within 10 mm of the center
of the 2′′ wafer.
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